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PREFACE TO THIRD EDITION 


SINCE 1939 the progress of bacterial metabolism has been startlingly 
rapid. This is due partly to the greater number of workers in the 
field, partly to the introduction of new techniques, but most of 
all to the evolution of new concepts involving fresh experimental 
approaches. 7 

One of the most important technical innovations has been the 
use of isotopes ; so far the subjects most favourably affected have 
been fermentation, oxido-reductions involving CO,, and nitrogen 
fixation. By the use of labelled carbon it has been possible to clear 
up many obscure patches in the intermediary processes of bacterial 
fermentations which could not otherwise have been settled with 
certainty. The same technique has led to the recognition that CO, 
is one of the principal oxidising agents of anaerobic life; its 
reduction to methane and to acetic acid has now been established 
together with the fact that such reductions supply not only the 
energy but also the carbon compounds for cell synthesis. In the 
case of nitrogen fixation the use of N?* has enabled the course of 
nitrogen both fixed and free to be followed within the cell though 
the mechanism of fixation itself is still obscure. 

A subject in which gratifying progress has been achieved is that 
of filterable toxins. Nine years ago the nature and mode of action 
of these substances was enveloped in a mist comparable to that 
which in the twenties obscured investigation into the nature of 
enzymes. Now some eight or ten toxins have been partially or 
completely purified and the mode of action of some clearly dis- 
closed. 

The advances so far mentioned have been along lines laid down 
long ago but during the last few years a fresh view of bacterial 
metabolism has been opened up. Information is now being 
rapidly gained on the course of the biochemical processes leading 
to cell synthesis ; such studies are peculiar to microbiology though 
certainly of wider application ; they owe their success to the use 


of biological material which is prone to biochemical variation and 
Vv 


vi PREFACE TO THIRD EDITION 


tolerant of interference with its normal biochemical sages This 
new stream of knowledge has its origin in several pal ; ee 
bial genetics, nucleic acid metabolism, adaptive enzyme ae ge 
function of growth factors, the intracellular changes resu ting 
from chemotherapeutic agents, antibiotics and other cell poisons, 
and interference with metabolism resulting from the introduction 
into the cell of chemical analogues of essential cell metabolites. 
All these are contributing to produce a picture—at present incom- 
plete and patchy—of the biochemical machinery of growth. We 
seem, in fact, to be witnessing a transition from katabolic to ana- 
bolic studies, made possible only by the use of the microbe as 
experimental material. 

These studies are only beginning but are proceeding so rapidly 
that the period during which this edition has been passing through 
the press’ has sufficed to make it a back number so far as some of 
these aspects are concerned. hie 

In preparing this edition, I have, in spite of caustic criticism, 
followed my original policy with respect to nomenclature, viz. that 
of using the name of the organism employed by the worker from 
whom I quote. I deplore the irrational appearance this gives to 
the book but I can think of no other course which will not involve 
me in attempting to re-identify all the organisms discussed, a task 
which, in the case of early work, is quite beyond me. 

I have many friends whose help I must acknowledge in addition 
to those who have aided me in Preparing previous editions ; 
these are: 

In respiration and fermentation T. Mann and D. M. Needham : 
in polysaccharides D. J. Bell and Professor M. Stacey ; in filter- 
able proteases and toxins W. E. van Heyningen ;_ in nitrogen 
metabolism E. F. Gale; in photosynthesis S. R. Elsden “in 
nucleic acid Dr. C.-E. Hedén, who permitted me to read unpub- 
lished work (Malmgren and Hedén, 1947) and to reproduce Figs, 
3 and 4in Chapter VI. In the subject of bacterial nutrition I have 
profited greatly by Dr. Knight’s review frequently quoted and by 
a preview of his forthcoming monograph on the same subject 
(Acad. Press Inc., New York), 

My thanks are also due to Mrs. W. Cohen for secretarial aid. 

1 The script of this edition left my hands in F ebruary 1947. 
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Finally for the expert and laborious work of preparing the index 
I have for the third time to thank my earliest colleague Margaret 
Anderson. 

To serve as landmarks in the progress of thought on micro- 
biology, I am reprinting the prefaces to the editions of 1930 
and 1939. 

Bacterial metabolism is now such a wide study that it is no longer 
convenient for one person to attempt to cope with all its branches ; 
I can confidently assert that this is the last edition which will 


appear over the name of one author. ee 
CAMBRIDGE 
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PREFACE TO SECOND EDITION 


Tue rapid advance in our knowledge of bacteria ae 
since the appearance of this book in 1930 has made the prep 

iti idable a task as that of writing the first. 
of the new edition as formidable ) L 
It has also rendered Bacterial Metabolism unsuitable for publica- 
tion as a monograph, the exhaustive treatment of the whole subject 
by one author being now impossible. The Publishers have ae 
fore agreed to remove the book from among the ‘‘ Monographs 
on Biochemistry” and to re-issue it in an enlarged form as an 
advanced textbook. 

In these circumstances it has become of interest to note some 
of the changes in outlook which have occurred during the past 
eight years. While substantial advances have been made along 
the entire front, movement in certain sectors has been extremely 
rapid, in some cases taking a direction quite unforeseen in 1930. 

In the problem of bacterial growth advances have been made 
along new lines. Happily this subject now attracts mathematicians 
and statisticians less than formerly but has passed into the hands 
of biochemists interested in problems of nutrition ; this has led 
to results of both theoretical and practical importance and has 
revealed inter alia that the complex and peculiar media employed 
by bacteriologists in the cultivation of “ difficult” pathogens are 
rendered necessary owing to the inability of many parasitic organ- 
isms to synthesise for themselves certain molecules essential for 
growth. Some of these substances are identical or closely related 
to certain vitamins known in the animal whilst others appear for 
the first time as substances of biological importance. Such dis- 
coveries are double-edged ; the fact that co-enzyme I or II must 
be supplied ready-made to organisms of the influenza group whilst 
other organisms synthesise it for themselves, supplies a means of 
studying its réle in metabolism ; nutritional and metabolic studies 
thus supplement each other. The study of vitamins in the animal 
has had a long start, but the rapid accumulation of knowledge 
concerning accessory food factors for bacteria has already disclosed 
the necessity for substances not yet known to play a part in 
animal metabolism. It is not unlikely that in the future knowledge 
gained in this field may help to solve problems in animal nutrition 
just as hitherto the reverse has been the case. 

In the field of bacterial fermentations, facts have accumulated 
fast largely owing to the stimulus gained from the great advances 
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made in our knowledge of alcoholic and muscle fermentation ; 
the main check to advance has been the difficulty of making active 
cell-free extracts of bacteria comparable to those obtainable from 
certain strains of yeast. 

The study of bacterial enzymes shows that though they con- 
form to the same laws as do those belonging to the animal and 
vegetable world their range of action is incomparably wider. 
Numerous systems completely missing in animals and plants 
flourish in different groups of bacteria, as, for example, the 
enzymes concerned with the utilisation of molecular hydrogen 
and with the reduction and oxidation of many inorganic molecules. 
It would not be unsafe to predict that all the enzymes found in 
the animal will ultimately turn up in some bacterium or other 
whilst those found only in bacteria will be far more numerous. 

In 1930 the problem of nitrogen fixation had for some years 
remained almost stationary, but during the last few years it has 
been fiercely attacked from several quarters ; so great have been 
the advances made that there is every hope that in a short time 
all the intermediate stages in this remarkable process will be 
unravelled. 

Finally it is a satisfaction to record that the present decade has 
witnessed an event in bacterial chemistry of first-class biological 
importance, namely, the discovery of bacterial photosynthesis. 
The demonstration of a wide and varied group of bacteria relying 
on solar radiation as a source of energy yet employing for the 
reduction of carbon dioxide compounds quite distinct from the 
one in use by the green plant, amounts in fact to the revelation 
of a new mode of life, and ranks with Winogradsky’s discovery of 
chemosynthetic organisms at the end of the last century. This 
is yet one more example of the rich variety of biochemical 
mechanisms employed by bacteria. 

In the matter of bacterial nomenclature I have kept to my 
original plan when quoting work of using the names employed by 
the original author ; this sometimes leads to an organism appear- 
ing under two slightly different appellations in adjacent passages, 
an apparent absurdity which is unavoidable. 

The prefixes d- and /- are used throughout to denote the con- 
figurational series, + and — the rotation. 

In rewriting this book I have had generous help from many 
quarters; in particular I must thank the following : Drs. Malcolm 
Dixon, D. E. Green and T. Mann for help in the chapter on 
“ Respiration”; Drs. D. M. Needham, D. J. Bell and Mrs. 
C. Mann in the chapter on “ Carbohydrate Breakdown” ; Dr. 
D. D. Woods in the section on “ Amino-acids.” The chapter 
on “ Nutrition ” owes much to Dr. B. C. J. G. Knight for criti- 
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advice. Dr. Dean Burk kindly read the script of the 
Eee ee “Nitrogen Fixation,” and Professor A. I. Virtanen 
generously allowed me access to material, then unpublished, used 
in his lectures delivered at the London School of Hygiene and 

ical Medicine in November 1937.4 

Cie aes, to Dr. D. D. Woods for sharing in the task of 
proof correcting, and to Mrs. Pauline Baldwin for efficient secre- 
tarial aid ; I have again to thank my friend and former collaborator, 
Mrs. Anderson, for making the index. I am indebted to Mr. H. 
Mowl for preparing many drawings. ‘To many other colleagues 
who have helped me I here return my thanks. 

I have now a wider debt to acknowledge. Bacterial bio- 
chemistry has been made possible in Cambridge by financial 
support from the Medical Research Council now extended over 
a number of years. We have been singularly fortunate in being 
grafted into the School of Biochemistry and so enabled to profit 
by contact with workers investigating many branches related in 
varying degree to our own studies. As biochemistry advances it 
unfolds a bewildering complexity yet at the same time displays 
a frequent repetition of pattern; only by co-operative working 
and thinking can progress be achieved. It has been the peculiar 
happiness of this department to work with a Professor who shares 
his own unique inspiration with his colleagues, and fosters in them 
the same spirit of co-operation. 


xX 


M.S. 


THE BiocHEMICAL LABORATORY 
CAMBRIDGE, September 22nd, 1938 


1 A. I. Virtanen, Cattle Fodder and Human Nutrition. Cambridge University 
Press, 1938. 


PREFACE TO FIRST EDITION 


THE aim of this book has been to choose from the mass of data 
on the chemical activities of bacteria facts which may help us to 
gain an insight into the essential chemical processes accompanying 
the life of the organisms concerned. ‘To form any coherent 
picture of these happenings is at present beyond our powers ; 
we are indeed in much the same position as an observer trying to 
gain an idea of the life of a household by a careful scrutiny of the 
persons and material arriving at or leaving the house; we keep 
accurate record of the foods and commodities left at the door, 
and patiently examine the contents of the dustbin and endeavour 
to deduce from such data the events occurring within the closed 
doors. Much of our time must of necessity be spent on the study 
of irrelevancies, and in the sorting out of the important from the 
insignificant many mistakes must be made. 

In the selection of material for consideration in this book 
doubtless much has been omitted which will turn out to be of 
importance and much included which will prove to be irrelevant ; 
but it is time that an attempt should be made to arrange the 
scattered data in order to appraise our knowledge of bacteria as 
living organisms apart from their réle as disease germs or the 
bearers of commercially important catalysts. 

In the attempt to gain some idea of bacterial physiology, 
reference to related problems amongst other orders of living 
systems is necessary; only thus can the material be viewed in 
perspective ; for this reason reference to facts and theories gained 
in other fields of biochemistry has occasionally been made, and 
for this no apology is tendered. 

The place of bacteria in evolution is a question very difficult 
of approach; we have, for example, no idea whether the forms 
familiar to us resemble primitive bacterial types or whether, like 
modern animals and plants, they are the successful competitors 
of the ages. Perhaps bacteria may tentatively be regarded as 
biochemical experimenters ; owing to their relatively small size 
and rapid growth variations must arise very much more frequently 
than in more differentiated forms of life, and they can in addition 
‘afford to occupy more precarious positions in natural economy 
than larger organisms with more exacting requirements. No 
large animal or plant, for example, could hope to survive if obliged 
to depend solely on the oxidation of ammonia or sulphur for its 
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_ The profitable sources of energy have been seized upon 
Rlnonably fully exploited by the green pan eee 
respectively ; the autotrophic bacteria lead a hard and pre 

ion of a type of metabolism ill-adapted 
existence due to the adoption of a typ ( . 
to life on this planet, and only possible to organisms whose 
demands are small. Apart from their importance in soil economy, 
however, the autotrophic bacteria are of intense interest as suggest- 
ing courses which physiological evolution might have taken had a 
slightly different equilibrium established itself in the inorganic 

d. ; 

A iecene opie bacteria which, in the main, resemble the animal 
in their chemical mode of life, yet display many chemical powers 
never met with among more differentiated forms of life ; the ques- 
tion whether these powers are all biologically significant, that is 
inevitable accompaniments of biological processes, or whether 
some of them are merely the result of enzymic activity unrelated 
to physiological events, is at present matter for speculation. 

With regard to nomenclature it has not been found practicable 
to adopt throughout the system recommended by the American 
Society of Bacteriologists, since it is difficult to be certain how to 
designate by their modern titles many of the species mentioned 
in the early work quoted; for this reason the names have been 
allowed to stand in the form in which they occur in the literature 
cited. 

Among earlier publications I am particularly indebted to 
Allgemeine Mikrobiologie of Kruse (1910) and also to Die Ein- 
wirkung von Mikroorganismen auf die Eiweisskorper, by Paul 
Hirsch (1918). 

In conclusion, it is a pleasure to thank my colleagues past 
and present for the help and stimulus I have received from 
numerous discussions and free interchange of ideas on matters 
biochemical. I have also to thank in particular Dr. Malcolm 
Dixon for invaluable advice and help in the section of Chapter III 
dealing with the subject of oxidation and reduction potential. 

From my friend and former collaborator, Margaret Whetham 
(now Mrs. Anderson), I have received valuable criticism through- 
out the book, and I have also to thank her for help in correcting 
the proof sheets. 

Finally, and especially, my thanks are due to Professor Sir 
Frederick Hopkins, at whose suggestion the book was written 


and to whose influence alone I owe the incentive to think on 
biochemical matters. : 


M.S. 


THE BIOCHEMICAL LABORATORY 
Camprince, March 8th, 1929 
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CHAPTER I 
INTRODUCTION 


For the introductory chapter to the third edition of this book the 
material bears no comparison with what was available in 1929. 
Since that date biochemistry has achieved so many notable ad- 
vances applicable to the understanding of cell metabolism that 
the field has become extended and enriched beyond recognition. 
A fair measure of agreement might now be found for the definition 
that bacterial metabolism is the interpretation of the physiological 
life of the bacterial cell in terms of biochemistry and biophysics 
both in respect of its own growth and reproduction and also of its 
action on its chemical and biological environment. 

The position now seems to demand a glance back at the past and 
a retracing of the path by which we have reached our present 
position, an effort to appraise the present and even perhaps an 
attempt to peer into the future. 


The Pasteur period 


In November 1946 a memorable congress assembled in Paris to 
commemorate the fiftieth anniversary of the death of Pasteur. At 
this meeting, attended by delegates from every civilised country, 
the present position of all branches of microbiology was appraised, 
the contributing members having been invited to point out in 
what way developments in their special fields owed their initial 
impetus and inspiration to the work of the Master. ‘The results 
must have startled the least imaginative ; every branch of micro- 
biology, whether pure or applied, was in turn shown to have 
owed its origin to some phase of the work of Pasteur or of his 
immediate pupils. It is therefore inevitable that a sketch of the 
initiation and progress of bacterial metabolism should start with 
the consideration of some aspects of the work of the man who laid 
its foundation. 

Seldom has a science developed with such suddenness as micro- 
biology or owed its beginning so exclusively to the work of one 
man. This suggests that by 1857, the year in which appeared 
Pasteur’s first study on fermentation,’ the birth of microbiology 
was somewhat overdue. Before considering this hazy suggestion 
it is necessary to examine briefly the views of Pasteur's immediate 

1 Pasteur, 1857. 
B I 
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predecessors in the study of fermentation and the layout of 
scientific opinion at this period. wm 

Yeast fermentation was of course known and practised in pre- 
historic times ; this surprises no one who has lived and prepared 
food in tropical or subtropical countries, where every sandstorm is 
followed by a spate of fermentation in the cooking-pot. Every 
savage tribe—save perhaps the Esquimaux—has to-day its charac- 
teristic fermented food prepared according to a traditional method. 
Such knowledge of microbial activity preceded by thousands of 
years the recognition of the existence of microbes. The latter was 
first brought to light in the seventeenth century by the work of 
the Dutch microscopist, Antony van Leeuwenhoek, who succeeded 
in grinding lenses of sufficient magnifying power to reveal bacteria. 
He made accurate observations of bacilli, cocci and spirochetes 
from the mouth, recorded motility, noticed proliferation and made 
approximate measurements, using sand-grains as a standard of 
comparison. These leave no doubt that it was indeed bacteria that 
he observed.1 This discovery, however, did not lead immediately 
to the birth of microbiology as a science, for reasons we shall 
shortly consider, but lay dormant till late in the nineteenth 
century. 

The first work leading up directly to that of Pasteur was the 
chemical work of Gay Lussac? on the quantitative nature of 
the change of sugar in fermentation and the establishment of the 
equation which bears his name: 


C,H,,0, = 2CO, a BCH rr 


About 1837 the biologists entered the field and it became recog- 
nised through the work of Cagniard-Latour,? Schwann‘ and 
Kitzing® that yeast was a living organism responsible for the 
chemical change known as fermentation. These men were, how- 
ever, observers rather than experimenters and were opposed 
heavily by the chemists of that time—Berzelius, Wohler and 
Liebig—and it is to be remembered that the period was one in 
which chemistry was in the ascendant. Berzelius opposed the bio- 
logical concepts with the theory that fermentation was a phe- 
nomenon of contact catalysis due to a non-living catalyst, whilst 
Liebig believed that it was dependent on the decay of dead animal 
or vegetable material. By 1857 the three biological workers were 
dead or old and the chemists held the field. In 1857 came the 
publication of Pasteur’s first paper, Mémoire de la Fermentation 
dite lactique,® and it is interesting to inquire exactly what led the 
Professor of Chemistry in the University of Lille to turn from his 


1 Dobell, 1932. 2 Gayl 8 3 . 
«Bahai, “OPTRA * Cami Lata 8p, 
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successful researches in crystallography to the study of fermenta- 
tion. 

It appears that in 1855 the course of Pasteur’s investigations led 
him to strike a snag. From the crude fusel oil derived from fer- 
mentation he obtained two amy] alcohols of the formula C,H,,0H, 
the one levorotatory and the other optically inactive. The optically 
inactive alcohol resisted all efforts to resolve it into two components 
and therefore presented the first exception to the rule that where 
an optically active and an optically inactive form of the same 
compound exist the latter can be resolved into two optically active 
forms.’ Pasteur tells us that it was in the hope of solving this 
problem that he turned his attention to the study of fermentation 
and there is no record of his ever returning to crystallography ; 
nor in fact did he solve the problem which lured him into the 
field. This was achieved by Felix Ehrlich? in 1907 when he showed 
that the inactive alcohol is obtained by the action of yeast on 
l-(—)leucine and the /-rotatory alcohol in a similar way from 
L-(+)iso-leucine, the latter alcohol alone possessing an asymmetric 
carbon atom. 

As a result of his first studies on fermentation Pasteur published 
in 1857 the paper already alluded to, which marks the birth of 
the science of microbiology. In this famous paper he made the 
following points which cut clean across the views current among 
the chemists of his day: 


1. That the lactic fermentation was due to a living cell or fer- 
ment (the words cell and ferment were used interchangeably ; the 
cell in Pasteur’s view was the ferment). This constituted a chal- 
lenge to Berzelius. 

2. That decay either of dead cells or added nitrogenous matter 
had nothing to do with fermentation but served merely as food for 
the growing cell. ‘This was a challenge to Liebig. 

3. During fermentation a multiplication of cells occurred dis- 
tinct in type from those causing alcoholic fermentation. This 
amounted to the discovery that distinct microbial species bring 
about different chemical reactions. 

4. That if during fermentation the cells were skimmed off and 
added to fresh sugar solution a very rapid fermentation occurred, 
especially if the acid formed were neutralised by chalk. This was 
the first use of resting cell suspensions. 

5. In addition to lactic acid, butyric and succinic acids were 
formed. 

6. Natural fermentations were liable to be mixed, i.e. in part 
lactic and in part alcoholic. ‘This could be controlled by attending 


1 Pasteur, 1855. ® Ehrlich, 1907;(2). 
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to reaction, an acid reaction favouring alcoholic and a neutral 

reaction lactic fermentation. Rehye , 
7. Yeast multiplication could be completely inhibited by onion 

juice. This was probably the first recorded observation of an 


antibiotic. rahe 
Pasteur’s comments on his own papers are revealing : 


If someone tells me that in making these conclusions I have gone 
beyond the facts I reply: “‘ This is true, that I have freely put myself 
among ideas which cannot be rigorously proved. ‘That is my way of 
looking at things. Every time a chemist concerns himself with these 
mysterious phenomena and every time he has the luck to make an 
important step forward he will be led instinctively to attribute their 
prime cause to a class of reactions in harmony with the general results 
of his own researches. That is the logical course of the human mind, 
in all controversial matters. Furthermore it seems to me from the 
standpoint which I have reached in my knowledge of the subject that 
whoever will impartially judge the results of this work .. . will agree 
with me in recognising that fermentation is associated with the life and 
structural integrity of the cells and not with their death and decay ; 
neither is it a contact phenomenon in which the change in the sugar 
takes place in the presence of a ferment without the latter giving or 
gaining anything.” 


No passage in scientific literature is of more philosophical sig- 
nificance. Pasteur had worked on fermentation for two years and 
then put forward views which he admits were not satisfactorily 
proved, and were directed and coloured by the tendencies of his 
own mind. “ All scientists,” he says in effect, ‘‘ work like this.’’ 
If we look into our own minds we shall probably be led to admit 
that this is true; we select among many possible explanations of 
new phenomena those which fit in best with ideas already familiar 
to our minds. If we are biochemists we seek for explanations of 
chemotherapeutic phenomena in terms of enzyme chemistry, 
whereas others may look for them among surface phenomena. 

But what an admission! No wonder there broke over Europe 
a first-class scientific row. 

But what exactly did Pasteur reject and what select to suit the 
natural disposition of his mind and the results of his experiments ? 
First he rejected the id iebi aie 

| € idea of Liebig that fermentation occurs as a 
result of contact with decaying matter. As this idea is in fact 
untrue it died as rapidly as its association with the great name of 
Liebig would permit. ‘There remained the view that fermentation 
occurs as a result of contact catalysis. In 1946 we are in a 
position to know that this explanation is in close accord with facts 
and it is Interesting to see why Pasteur rejected it. He ignored 
it because it meant nothing to him. Contact catalysis in this con- 
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nection suggests to us the chain of enzyme-catalysed reactions by 
which we now know fermentation is brought about. But in 
Pasteur’s day enzyme action in this sense was unknown and was 
restricted to simple hydrolytic processes such as the action of 
diastase or invertase and other hydrolytic enzymes secreted by 
cells or tissues and acting when separated from the cells which 
produced them. 

So Pasteur adopted what may be called the physiological point 
of view. He regarded the yeast cell or the lactic bacterium as a 
living organism with a life to lead and an axe to grind. Fermenta- 
tion he believed was a process necessary to the life and multiplica- 
tion of the cell. He reiterated times without number that 
fermentation is necessarily related to the life of the cell and 
as a corollary, does not occur in the absence of the living cell. The 
choice of this viewpoint was clearly and admittedly instinctive but 
it was accepted, and throughout Pasteur’s life the whole of micro- 
biology was interpreted in its light. Every fresh discovery of the 
chemical effects of bacteria was interpreted in terms of cell physio- 
logy. Thus was bacterial metabolism born. Now supposing Pasteur 
had chosen the contact catalysis view, where would it have led ? 
The oxidation of NH, would have been regarded as a contact 
phenomenon brought about by a certain type of cell and left at 
that. This view would never have led to the discovery of a class 
of living organisms utilising the energy derived from this process 
for the fixation of CO,; the autotrophs would not have been 
discovered by that means. Nitrogen fixation would have been 
discovered but regarded as an accidental property of certain cells, 
and its relation to the protein supply of the organism would hardly 
have become apparent ; we can multiply these instances. No one 
would have interpreted fermentation in terms of Ja vie sans aur ; 
the study of anaerobiosis would have disturbed no one. 

So Pasteur was pragmatically right. In effect he made his 
choice because physiology and organic chemistry were adequate 
for his purpose and biochemistry was too infantile and unde- 
veloped. The weakness of Pasteur’s position lay in the fact that 
he made no attempt to explain the mechanism by which the cell 
brought about those acts, oxidation, fermentation, etc., which he 
maintained were essential to its life. He seems, moreover, to have 
been unaware that such an explanation was called for, possibly 
because he instinctively realised that he was in no position to pro- 
vide one. 

But if Pasteur was quite happy in this position some of his 
contemporaries were not. Moritz 'Traube (1877),’ for example, 
produced a theory of fermentation, and indeed of the chemical 


1 Traube, 1877. 
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activity of all cells, remarkable for its inclusion of the reac 
then available and for its forecast of later discoveries. ccor ne 
to him the cell causes fermentation and other chemical events y 
means of substances of a protein character with a definite chemica 
composition. ‘These substances, themselves remaining prone 
were, according to Traube, responsible for the vital ee 
changes of higher and lower animals. Traube included all the 
known chemical activities of microbes in his purview ;_the oxida- 
tion of alcohol and ammonia, he said, is carried out first by the 
transfer of O, to the ferment and then to the oxidisable substance. 
He pictured fermentation as the transfer of oxygen from one part 
of the sugar molecule to another, culminating in the highly oxidised 
CO, and the highly reduced alcohol. Had Traube chosen the 
transfer of hydrogen instead of oxygen his explanation would have 
sufficed till about 1932; it is in fact a remarkably correct picture 
of enzyme action formulated by guesswork. ag “2 
But Pasteur barely attended to this paper; it simply didn’t 
interest him. This was, I believe, because it was purely specula- 
tive and not founded on experimentally acquired knowledge. The 
enzyme chemistry of that period was mainly confined to extra- 
cellular hydrolytic enzymes such as amylase, maltase, invertase 
and some crude digestive juices, and was not equipped to cope 
with cellular oxidations, fermentations and putrefactions. Hence 
Traube’s contribution modified contemporary microbiology but 
little—it was forty or fifty years before its time ; when that time 
had elapsed Traube’s views were forgotten. It is always thus with 
guesses unsupported by experimental evidence. There is here an 
excuse for considering what are the factors which at any given 
time determine the direction of scientific advance. I am of course 
aware of the so-called materialistic view that the directive stimulus 
is derived from the economic requirements of the community 
when these are recognised as such by the dominant section of the 
people. For me this view has been reiterated ad nauseam and I do 
not believe that it is the primary controlling force. For instance, 
there has never been a time during the historical period when the 
control of recurrent famines would not have paid the community 
who solved the necessary problems ; the same is true for the con- 
trol of pestilences. Yet research into these problems did not 


attract the great seventeenth-century investigators who concen- 
trated rather on physics. The reas 


certain level, it cannot be successfully 
awaited the development of botan 
could solve problems of productio 
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bacteriology which in its turn depended on physiology and 
chemistry. 

Pasteur could not have carried out his work till physiology had 
attained clear conceptions about respiration, absorption, energy 
requirements and the like; and physiology in its turn depended 
on the elementary concepts of chemistry and physics before it 
could apply these to elucidating the machinery of the animal body. 
All this sounds too trite to deserve attention, nevertheless in the 
course of the history of our subject we get occasional instances of 
discoveries made in advance of their time and it is interesting to 
see what then happens. Take, for example, the discovery of 
microbes by Leeuwenhoek already mentioned. What did he and 
his contemporaries do with this discovery? Just nothing. In 
spite of its wide publicity and the interest it evoked when reported 
to the Royal Society of London it led to no further advance 
because science was not sufficiently developed to make use of 
the observation. In the absence of basic knowledge about 
chemistry it could not be related to fermentation or putrefaction ; 
without physiology it could not be related to cell life or contagious 
disease. Leeuwenhoek may have been the father of microscopy, 
but he was in no sense the father of microbiology. 

To take another example nearer our own day—the discovery of 
cytochrome by MacMunn in 1886.1. MacMunn believed this 
substance to be an important oxygen-carrying mechanism but he 
had no conception of enzyme action and lacked the means to study 
the cytochromes from that point of view. Hence, though he con- 
vinced himself of the importance of his discovery, he lacked the 
technique to take the study to the point where it could carry 
conviction to others. This waited for thirty-eight years when, in 
1925, enzyme chemistry was sufficiently advanced for the task, 
and Keilin was able to interpret the work in the light of his own 
masterly researches. ? 

Scientific discoveries made in advance of their time are like long 
salients in an army by which a position may be captured ; if, 
however, the main army is too far behind to bring up the necessary 
supplies the successful advance is cut off and may be forgotten 
and the position has then to be recaptured at a later date. This 
explains why Pasteur’s physiological approach to problems of 
microbiology was so successful and why 'Traube’s explanation in 
terms of enzyme chemistry—equally true and much more explicit 

»—failed. 

In 1895 Pasteur died ; two years later the Buchners’ prepared a 
cell-free juice which fermented sugar. Here then was fermenta- 
tion without a living cell ; the weak place in Pasteur’s theory had 

1 MacMunn, 1886. 2 Keilin, 1925. 3 Buchner, 1897. 
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betrayed it and the physiological conception of fermentation tem- 
sed. 

ee aid prestige of Pasteur and the wide weed te os his 
tenets, the Buchners’ discovery created a sensation out o : A ste 
portion to its importance. Actually in the april O ee 
days it could have been readily explained as a mechanism Bee: "g 
the destruction of the cell which had built it ; compared with the 
cells from which it was derived the juice was weak and its activity 
short-lived. Scientifically it led directly to few important results, 
of which probably the work of Harden and Young* was the most 
important ; but its inhibitive effect was surprising, for subsequent 
to its publication attempts to interpret chemical occurrences in 
terms of cellular physiology fell into abeyance as far as bacteriology 
was concerned for roughly twenty years. ' 

During the Pasteur period the role of organic chemistry in the 
development of microbiology presents many points of contrast to 
that of biochemistry. It was highly developed when microbiology 
started, and was from the first adequate to meet the demands of 
the new science. Methods for the isolation, identification and 
estimation of fermentation products were available as soon as they 
were wanted, and in the hands of such men as the Salkowskis, 
F. Ehrlich, Brasch and Ackermann were successfully applied to 
many newly found products of putrefaction. 


Medical advances 


Meanwhile medicine was entering into its inheritance of 
Pasteur’s work. Perhaps the most characteristic figures in this 
advance were Koch and Ehrlich. Koch’s great achievements in 
laying the foundation of practical medical bacteriology were 
greatly aided by his simplicity of outlook ; his famous postulates 
are strictly utilitarian and aimed at and succeeded in securing the 
correct attribution of the agent to the disease, thus avoiding 
serious mistakes in medical practice. No guesses as to the “‘ how ” 
are hazarded by this great man: he possessed the empirical out- 
look and aimed at the perfect technique. He was the right man at 
the right time and medicine probably owes as much to his limita- 
tions as to his great gifts. Ehrlich was very different ; his immu- 
nological and serological observations cried aloud for chemical 
interpretation but neither the biochemistry nor the physical 
chemistry of the day was equal to the task. Ehrlich’s principal 
need was the protein chemistry developed between 1930 and 1940 ; 
Immunochemistry now draws on crystallography, electrophoresis, 
ultracentrifugalisation and the ultramicroscope for the interpreta- 
tion of its data. Since all this was lacking in Ehrlich’s day two 

1 Harden & Young, 1905. 
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alternatives were open to him: to proceed empirically as did 
Koch, or to construct an artificial chemistry to fit his observations. 
He adopted the latter course. Many of Ehrlich’s concepts and 
most of his terminology are now obsolete, but they served as 
scaffolding for his valuable experimental work and it would have 
been impossible for a mind of his type, working on immunological 
data, to have proceeded without something of the kind. With 
later developments of protein chemistry this scaffolding has been 
replaced by actual knowledge regarding the true nature of the 
antigen-antibody reaction permitting the rapid advances that we 
are now witnessing. 


The intermediate period and the rise of enzyme chemistry 


About 1920 the study of enzyme action began to gather momen- 
tum. It was no longer confined to the soluble hydrolytic enzymes 
but extended to the various phases of intracellular oxidations and 
reductions. Owing to the difficulty of separating the enzymes con- 
cerned from the cells the early studies were mainly on enzyme 
kinetics and the preparations used were concentrates prepared 
from animal or plant tissues. 

This led to similar studies in bacterial chemistry by the use of 
washed bacterial suspensions—the “‘ resting bacteria ” of the Cam- 
bridge School—in which intact but non-proliferating bacteria were 
treated as tissues or tissue extracts. A somewhat similar use of 
yeast enabled the study of fermentation to be resumed. The views 
of Pasteur had by now been modified and extended ; fermentation 
was recognised as the function of a living, but not necessarily of a 
multiplying, cell. It was further realised that the process was not 
a single reaction but a chain of reactions each probably controlled 
by a single endocellular enzyme. Since such enzymes were still 
inseparable from the cell their individual action was made apparent 
largely by the use of cell poisons and enzyme inhibitors. In so far 
as it concerned yeast Neuberg was one of the principal exponents 
of this line of work, from which he evolved a comprehensive 
scheme purporting to explain the course of alcoholic as well as of 
many bacterial fermentations. This scheme influenced work for a 
surprisingly long period—till 1932—and stimulated work on bac- 
terial fermentations, particularly in the Delft School. Neuberg’s 
scheme was eventually shown to be largely erroneous and was 
superseded by that due jointly to Embden, Parnas and Meyerhof, 
in which the chain of reactions was shown to occur in phosphoryl- 
ated molecules. 

During the same period the use of bacterial suspensions had 
been extended to the study of a large number of enzyme processes 
in addition to oxidations and reductions, but the chemical nature 
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of enzymes was still unknown, and though kinetics were cay 
and products isolated the intimate nature of enzymes and their 
i ure. j 
Aun e: studies had so far little bearing on Res 88 
agents causing disease ; their merit lay in initiating the study of the 
mechanisms of microbial life. The impact of organic chemistry 
during this period occurred in several places. Chief among ee 
was on immunology and came to supplement the discovery of the 
importance of bacterial polysaccharides as the bodies conferring 
specificity on bacterial antigens. Along with this discovery came 
the demand for knowledge of the structure of the newly isolated 
polysaccharides, starting with the identification of the pneumo- 
coccal (Type III) polysaccharide as 4-8-glucuronosidoglucose. 
Carbohydrate chemists have successfully collaborated with bac- 
teriologists in elucidating the structure of these important sub- 
stances. 


The period 1930-1946 

The work of this period is not yet history and most of the 
subsequent chapters in this book are concerned with discussing it ; 
an attempt to summarise it here is therefore out of place. The 
lines of work characteristic of the previous period proceeded with 
gathering momentum, but the front has been extended largely 
owing to fresh biochemical developments. One of the chief of 
these has been the growth of protein chemistry due to contribu- 
tions from organic and physical chemists and crystallographers. 
A deeper knowledge of protein chemistry was bound to have 
enormous repercussions on cellular biochemistry owing to the 
superimportance of these compounds in cell life. As early as 19261 
it was announced that the enzyme urease had been isolated and 
crystallised and that it was a protein. Thus ended the doctrine 
that enzymes were of such instability and of such a fugitive 
character that their chemical study was doomed to failure. By the 
end of 1937 ten enzymes had been isolated in the form of crystal- 
line proteins. This period has witnessed also a greatly extended 
knowledge of fermentation, bacterial nutrition, photosynthesis, 
chemotherapy, viruses and bacterial toxins, a discussion of which 
would merely serve to anticipate their more detailed treatment 
contained in subsequent chapters. 

_ But in addition something new is appearing from several direc- 
tions and this concerns, not the mechanism by which the cell 
breaks down its chemical environment and so obtains energy, but 
some insight into the processes of growth. Knowledge is develop- 
ing concerning the mechanism by which the nucleus or the nuclear 

1 Sumner, 1926. 
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material controls the biochemical construction of the growing cell, 
of how the antigen deflects the course of the synthesis of globulin 
SO as to give rise to the antibody. The related problem of the 
mechanism at work in the production of adaptive enzymes is 
showing signs of cracking; the study of the action of chemo- 
therapeutic agents and antibiotics is contributing unexpected infor- 
mation on intracellular synthetic mechanisms. These and other 
signs and portents announce that the attack on the biochemical 
mechanism of growth and inheritance has begun along several 
lines ; this could not have been said ten years ago. 

Allowing for the increasing momentum of the advance, the 
number of interested workers in the field and the recent advances 
in techniques available, it seems reasonable to hope that within a 
comparatively short time—say twenty-five to fifty years—a bio- 
chemical description of cell growth may be laid out before us. 

With the attainment of such knowledge will the story then have 
lost its interest? For some doubtless this will be true ; when a 
tract of country has been adequately surveyed it loses interest for 
the explorer and becomes the property of the common man. It is 
for many of us incomparably more interesting to be wandering in 
a half-light uncovering hidden truths, bumping into others simi- 
larly occupied and adding to a body of knowledge to which one’s 
friends and contemporaries are contributing, than to be reading a 
complete account of established facts. Human anatomy must have 
been vastly more interesting to Vesalius and Leonardo da Vinci 
than to the student of to-day and the inheritance of unit characters 
and the phenomenon of dominance doubtless excited Gregor 
Mendel more than the modern student of genetics. Few people 
unite a love of scientific investigation with a vivid historical appre- 
ciation. 

We must therefore face the fact that biochemistry and micro- 
biology, as we know and envisage them, will in the course of time 
become cold stars and that with the modern rate of progress the 
time this will take will probably be measured in decades rather 
than in centuries. By then the inquiring mind of man will have 
moved into fresh fields whose character we can only dimly guess 
at. Meanwhile we are entering the most interesting phase of bio- 
chemistry and microbiology and students of the immediate future 
may anticipate a rich reward for their labours. 


CHAPTER II 
RESPIRATION 
AEROBIC OXIDATION 


LikE many scientific terms the word “ respiration ” has shifted its 
meaning concurrently with increase in knowledge. Originally 
coined for mammalian physiology to denote the passage of air into 
and out of the lungs, it later became extended to cover the trans- 
ference of O, to and CO, away from the tissues. As the centre of 
interest shifted from the phenomena of gaseous exchange to the 
mechanisms by which cell constituents become oxidised, the term 
again extended its meaning to embrace the more detailed and 
deeper biochemical studies included in the term “ tissue respira- 
tion.” Here the term extended in scope also to include plants and 
those micro-organisms for which molecular oxygen is required to 
carry out life processes. Furthermore, as it became clear that the 
chief significance of biological oxidation lies in the energy liberated 
for the use of the growing and functioning cell, the term “‘ respira- 
tion’ was once more extended to cover exergonic reactions not 
involving O, and the term “‘ anaerobic respiration ”’ came into use. 
It is only in its wider extension that the term “‘ respiration ” can be 
used of micro-organisms and for practical purposes it can be used 
to denote any chemical reaction, aerobic or anaerobic, by which 
energy is liberated by the cell. | 


Thermodynamical terms employed 


It is well first to draw attention to the fact that the heat of com- 
bustion or heat of reaction does not necessarily represent the energy 
available to the cell for synthetic purposes, and it is necessary to 
introduce the conception of free, as distinct from the total, energy 


of a reaction. For this purpose the terms used by Lewis and 
Randall? will be employed as follows : 


I. — AH = Heat of reaction or total heat evolved in a re- 
action carried out at constant temperature 
and pressure. 

II. — AF = Free energy, i.e. the maximum amount of work 
which can be obtained from I in the same 
conditions of temperature and pressure. 

1 Lewis & Randall, Thermodynamics, New York, 1923. 
12 
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Il. — TAS = The energy not convertible into work in the 
given conditions, where — AS is the decrease 
in entropy. 


Hence — AH = — AF — TAS. 


In many cases of decompositions effected by bacteria, TAS is 
relatively small, that is AH approximates to AF, and in such cases 
little serious error arises from using the heat of reaction as equiva- 
lent to — AF; but in certain cases the two values differ widely, 
mstances even occurring when a negative heat of reaction is 
accompanied by an increase in free energy. As illustrations the 
following examples may be quoted, the conditions being a pressure 
of 1 atmosphere and a temperature of 2 5° C. (298° Absolute) : 


C(erapnite) im O o(cas) = CO o(eas) 
— AF = 94,260 cals. 
— AH = 94,250 cals. 

CHg(eas) + 20 9(¢08) = COo(en) + 2H Oqua) 
— AF = 194,600 cals. 
— AH = 212,600 cals. 

C5Hy 20 o (soi) + 60 a (cas) — 6CO% teu + 6H,Oniq,) 

— AF = 685,800 cals. 
— AH = 674,000 cals. 


The pressure under which the reacting gases work materially affects 
the amount of the free energy change, though not materially the 
AH ; thus if the above reaction takes place at a very low pressure, 
the temperature remaining at 25°, 


6CO a(0-0003 atm.) + 6H gO 1a.) = 60 202 atm.) + 6H 120 afeonay 
AF = 708,000 cals. 


The problem underlying all biological oxidations is to explain 
the fact that substances such as carbohydrates, amino-acids, pro- 
teins, etc., when in contact with the living cells become easily 
oxidised even at ordinary temperatures, whilst in other circum- 
stances they are perfectly stable to molecular oxygen. Obviously 
the cell may be exerting its influence on either of the components 
of the system ; it may render the oxidisable substance so unstable 
that it reacts spontaneously with oxygen, or it may so activate 
oxygen that it becomes capable of reacting with the stable mole- 
cules of the oxidisable material ; alternatively both actions may be 
at work. 


Methods used for the study of biological oxidations 


Any chemical reaction involving a change of gas pressure can be 
studied manometrically. The theory and practice of manometry 
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- i i nt monographs? 2 to which the reader is re- 
ase el these Aetiade will be taken for granted. 
As the overall effect of all aerobic oxidations involves the uptake 
of O, and in the majority of ae ie ber of CO,, manometric 
t niquely adapted to their study. 

cee ea ne tale seilt however, it is only the overall effect 
which can be so studied whilst intermediate stages demand the aid 
of additional methods. These intermediate happenings do not 
actually involve O, but consist of a series of anaerobic transfers of 
The ied that biological oxidation consists in the transfer of 
hydrogen to some spontaneously reducible substance was first 
advanced and elaborated by Wieland, who, concentrating on the 
intermediate processes, ignored the final step by which O, becomes 
involved. He was led to this view by the observation that many 
organic substances become anaerobically oxidised in the presence 
of finely divided metal catalysts (platinum or palladium black) by 
loss of hydrogen, which is absorbed or loosely combined with the 
metal and recoverable from it. Thus: 

C,H,(OH), > C,H,O, + 2H 

C,H;,;OH —+CH,.CHO + 2H 

CH,OH -+H.CHO+ 2H 


Glucose gives CO, + 2H. 


Cases in which oxidation involves the entry of oxygen into the 
molecule were explained on this hypothesis as due to the inter- 
mediate formation of a hydrate and its subsequent dehydrogena- 
tion; thus acetaldehyde was regarded as being oxidised through 
its hydrate to acetic acid, carbon monoxide through formic acid to 
carbon dioxide. 


Use of the methylene blue technique 


The study of much of the catalytic transfer of hydrogen 
(“ dehydrogenation ’’) by animal and plant tissues and by bacteria 
has been carried out by the use of methylene blue and other 
reducible dyes as hydrogen acceptors. The value of methylene 
blue is due to the fact that it exists in a reduced form which is 
colourless and an oxidised form which is blue. 


CH;).N S 
( a ei Cie (CH;).N earan... 
+ 2H 
\An/ 4 “<= - 5 
| 
M.B. H 


L-M.B. 


1 Dixon, 1943. * Umbreit et al., 1945. 
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The reduced form in the presence of oxygen is autoxidisable 
(apart from any catalyst), two atoms of hydrogen per molecule 
being transferred to molecular oxygen. By the use of the well- 
known technique of Thunberg it can rapidly be determined 
whether a tissue or enzyme preparation can effect the transfer of 
hydrogen from any substance, provided methylene blue is not 
toxic to the enzyme or cell. This method consists in placing in 
a vacuum tube a convenient quantity of the substance in solution 
with buffer of the necessary pH and the enzyme preparation ; the 
tube is then evacuated and kept at a suitable temperature (usually 
about 40°); dehydrogenation of the substance is indicated by the 
change of the methylene blue to the leuco form. All necessary 
timed controls must be done to ensure that the process is enzymic 
(boiled control) and due to the substance in question and not some 
oxidisable substance introduced with the enzyme preparation 
(experiment omitting oxidisable substance). This technique was 
first applied extensively to bacteria by Quastel and Whetham.1 
The bacteria used were grown in pure culture in broth, centrifuged 
and washed and suspended in water or saline so as to form a thick 
suspension, and aerated for 1 hour to remove any easily oxidisable 
cell constituents. Such a suspension was described by the authors 
as “resting bacteria,” indicating that in the conditions of the 
experiment multiplication does not occur. Provided that the 
experiment does not last longer than 2 to 3 hours this supposition 
is justified. The number of substances which can be dehydro- 
genated by bacteria in this way is enormous and vastly exceeds 
those attackable by plant and animal tissues. This is perhaps not 
surprising considering the great variety of bacterial species and the 
divergence of their metabolic types, but even one species—e.g. 
Esch. coli—can attack a large number of substrates ; these include 
lower members of the fatty acid series, dicarboxylic, hydroxy- and 
amino-acids, polyhydric alcohols and sugars. Many of the de- 
hydrogenases of bacteria are found also in animal tissues, such, for 
example, as lactic and succinic dehydrogenases ; others, such as 
formic dehydrogenase and hydrogenase, are peculiar to bacteria ; 
the former catalyses the reaction HCOOH + A = CO, + AH, 
(where A represents the oxidised form of any hydrogen accep- 
tor) ;* ° the latter catalyses the reaction H, + A = AH, and thus 
effects reductions by means of gaseous hydrogen.® 

The use of this technique with washed intact cells, though 
giving only limited information, is yet exceedingly useful in pre- 
liminary studies on bacterial metabolism as indicating what mole- 

? Quastel & Whetham, 1925 (1) 2 Cook & Stephenson, 1928. 


* Sandiford & Wooldridge, 1931. * Quastel & Whetham, 1925 (1), (2). 
® Stickland, 1929. ® Stephenson & Stickland, 1931 (1). 
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utilisable by the organism in question. 
Se ae aes of heterotrophic bacteria attack 
paticose readily by this method whilst failing to aed rarer 
sugars, whilst others like Cl. sporogenes attack none of the common 
sugars or organic acids but readily dehydrogenate certain amino- 

Pace 

ae ‘his psiela it is important to take care that the substrate 
used is uncontaminated with other sugars or oxidisable spans 
Thus 1 ml. 1/5000 methylene blue (app. M/6000) is rset ent 
to approximately 0-03 mg. glucose, assuming I mol. glucose 
donates 2 atoms of hydrogen; if 1 ml. o-1 M galactose is used as 
substrate a contamination of the galactose with o-05% glucose 
would suffice to effect the reduction of the methylene blue, the 
galactose being completely inactive. ‘This is calculated on the 
assumption that 1 mol. methylene blue is completely reduced by 
1 mol. glucose ; actually 1 mol. glucose in the presence of Esch. 
coli reduces between 2 and 3 mols. of methylene blue. The theory 
underlying this technique will be discussed later (see p. 38). 


The disruption of the bacterial cell 


The intimate study of bacterial oxidations cannot be carried out 
on intact cells but involves the preparation of cell-free enzymes and 
coenzymes. The smashing of the bacterial cell is a matter of 
greater difficulty than the lysing of animal tissues and of larger 
microbial cells like yeasts. Three methods have so far been used 
for this purpose: (1) the crushing mill ;* this apparatus was one 
of the first in the field and by its use enabled studies on bacterial 
cell-free enzymes to be carried out; equally good results have 
now been achieved by (2) supersonic sound waves ; (3) grinding 
with powdered glass ;* (4) shaking with small graded glass balls. + 5 

If cells treated by these methods are examined microscopically 
they are found to consist of a small proportion of apparently intact 
cells, some empty sheaths (‘‘ ghosts”), a number of cells with a 
rat-bitten appearance, due to damage of the cell membrane, and a 
large amount of structureless debris. If this material is spun down 
at about 3000 r.p.m. a supernatant is obtained which after dilution 
with an equal volume of water can be centrifuged at about 11,000 
T.p.m. to give a transparent cell-free liquid. After dialysis against 
running water the dialysable constituents of the cell-juice are 
removed and the preparation consists mainly of proteins. These 
may be separated by fractional precipitation with ammonium sul- 
phate and by other means. 

In some cases these dehydrogenases can be separated from the 


1 Stickland, 1934. 2 Booth & Green, 1938. 


5 Wiggert : 
* Curran & Evans, 1942. appete  S 


® Kalnetsky & Werkman, 1943. 
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cells by allowing the latter to autolyse, centrifuging the cell residue, 
and removing soluble cell constituents by dialysis. This simple 
procedure succeeds with lactic dehydrogenase of Esch. coli and the 


gonococcus* *, * and is due to the fact that this enzyme survives 
autolysis. 


Components of the oxidising system 


The bacterial cell has now been treated by rupture, separation 
into solid and liquid, and the latter into dialysable and non- 
dialysable fractions. It now remains to be seen what part of the 
oxidising mechanism of the cell has survived this treatment and in 
what fractions its components lie. 

The lactic dehydrogenase (acting also on «-hydroxybutyric 
acid), obtained by any of the above methods from either Esch. coli 
or gonococcus, actively reduces methylene blue but fails to take 
up O, in the manometer, that is, the enzyme activating the transfer 
of 2H to methylene blue is present but that part of the system 
transferring 2H to O,is absent. In the presence of methylene blue, 
however, O, is taken up due to the reoxidation of Jeuco methylene 
blue by O, ; this is of course an artificial carrier and plays no part 
in vivo. 

Many dehydrogenases, however, require further units for the 
completion of their action. The ethyl alcohol dehydrogenase from 
Esch. coli, for example, cannot transfer 2H direct to methylene blue 
but requires the mediation of a carrier which is present in the 
original cell but is lost during dialysis.4 This is the coenzyme I 
(or cozymase), i.e. adeninepyridine dinucleotide.® ® 7,8 This com- 
pound exists in the oxidised and reduced states. The former is 
required to transfer the 2H from the reduced dehydrogenase but 
it requires a second enzyme for its own reoxidation; this is a 
flavoprotein, diaphorase,* 1° which is removed from the dialysed 
enzyme system by acetone treatment.'? ‘This enzyme specifically 
catalyses the transfer of 2H from coenzyme I; _ its prosthetic 
group is flavinadenine dinucleotide and it has a wide distribution 
corresponding to its indispensable role in metabolism. With 
animal tissues there exists a second coenzyme (II), triphospho- 
adeninepyridinedinucleotide, which is reduced by a different 
range of dehydrogenases from those working with coenzyme I, 
but is itself oxidised by diaphorase and therefore subsequently 
transfers the 2H via the same path as coenzyme I. This compound 
is present in red blood cells and has not yet been found in bac- 
teria; nor does it react with any of the bacterial dehydrogenases 


1 Stephenson, 1928. * Barron & Hastings, 1933. 3 Still, 1940. * Ibid. 


5 Vestin, 1935. 6 Warburg & Christian, 1933 (1), (2). 
7 rnd rs Schlenk, cack 8 Warburg, Christian & Griese, 1935. 
% Dewan & Green, 1938. 10 Straub, 1939. 11 Still, 1940. 


Cc 


18 RESPIRATION 


so far separated from bacteria. Some flavoprotein enzymes ee 
spontaneously autoxidisable ; where these occur they complete 
the oxidation of the substrate by molecular oxygen. The flavin- 
adenine dinucleotide present in most aerobic cells and function- 
ing as the reoxidising agent for the adeninepyridinedinucleotide 
is not of this type and reacts with O, only through another series 


of enzymes. 
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The tron-porphyrin enzymes 

The final stages of aerobic oxidation, viz. the transfer of 2H to 
O,, are catalysed by the cytochrome system which is composed of 
several iron-porphyrin compounds. ‘Two other enzymes which 
play an essential part in biological oxidations, catalase and peroxi- 
dase, also belong to the group of iron-porphyrin derivatives. 

The iron-porphyrin compounds constitute together with mag- 
nesium porphyrins (chlorophyll) and copper porphyrins (e.g. 
turacin) the large group of metal porphyrins. Porphyrins as such 
are substances derived from a structure composed of four pyrrol 
rings connected together by four CH- links. They are classified 
according to the nature of the side groups (methyl, ethyl, vinyl, 
etc.) attached to the porphyrin nucleus in positions 1 to 8. How- 
ever, out of the many synthetically prepared porphyrins there are 
only a few which occur in nature and the most commonly found 
is protoporphyrin. This is generally found in combination with 
iron. According to the valency of the iron, the iron-porphyrin is 
designated as hem (divalent Fe) or hematin (trivalent Fe). Both 
hem and hematin occur in numerous compounds in combina- 
tion with proteins. Some of these compounds are biologically 
active only in the hem form (e.g. hemoglobin) or in the hematin 
form (e.g. peroxidase), but others act by being continuously oxi- 
dised and reduced, i.e. both in the hem and hematin form. 
Typical representatives of this kind are the cytochromes. 

It may be mentioned here that not all biologically active metal 
compounds belong to the porphyrin derivatives. Thus poly- 
phenol oxidase, the enzyme responsible for the darkening pheno- 
mena in many plants, is a copper protein in which Cu is linked to 
the protein molecule directly and not through a porphyrin. 
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The porphyrins and their compounds are characterised by strong 
absorption spectra; which serve to identify them and to provide 
easily observable signs of chemical changes. ; 

The principal enzymes of this group known to be present in 
bacteria may now be considered. 
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Cytochromes . 
the cells of all aerobes—plant, animal and mi eee 
a series of iron-porphyrin proteins with strong me sha ets a 
and well-marked absorption spectra known collective 7 ie 
chrome. Cytochrome was first described oe spec zie ie 
observation of animal tissue by MacMunn, but vip ae e 
convince his contemporaries of the importance of his discovery 
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which formed a lost island in knowledge till rediscovered by Keilin 
in 1925." Cytochrome is absent from all strict anaerobes (Clos- 
tridia) so far examined and from some facultative anaerobes, e.g. 
many lactic organisms. ‘The amount present in facultative 
anaerobes varies according to conditions of growth; anaerobic 
conditions and adaptation to cyanide resulting in a decrease in the 
amount formed. Cytochrome exists in oxidised and reduced 
forms. The latter has a well-marked spectrum with four bands 
occupying approximately the positions a, 6045 A; 6, 5662 A; 
c,5500 A; d,5205 A. The first three bands (a, b and c) represent 
the «-bands of three hemochromogen-like components of cyto- 
chrome known as cytochrome a, b and c; the fourth band (d) 
represents the fused 8-bands of all cytochromes ; in addition free 
hematin is also found. 

By the use of the microspectroscope the cytochrome of baker’s 
yeast or aerobic bacteria may be seen to undergo alternate oxida- 
tion on shaking with air and reduction on standing or, more 


1 MacMunn, 1886. * Keilin, 1925. 
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quickly, on bubbling with nitrogen; the suspension will remain 
permanently in the reduced condition on poisoning with cyanide 
and in the oxidised condition by the action of narcotics. 

It was originally thought that the agents reducing cytochrome 
were the dehydrogenases of the cell, since all agents poisoning 
these enzymes prevented cytochrome reduction. Cytochrome c 
has, however, now been prepared in a pure state apart from the cell, 
thus permitting of its study in a more precise manner. The Eo 
at pH 7-0 of the system reduced cytochrome = oxidised cyto- 
chrome is + 0-12 v. ;* it might therefore be supposed that the 
reduced form of any substance with a more negative potential with 
its dehydrogenase would reduce cytochrome ; this, however, is 
not the case, the only ones so far found capable of functioning in 
this way being the lactic dehydrogenase of yeast, the succinic 
dehydrogenase and the «-glycerophosphate dehydrogenase of 
animal tissues.* The succinic dehydrogenase of bacteria has not 
been obtained apart from the cell so cannot yet be tested; the 
behaviour of the lactic dehydrogenase of Bact. coli is not certain. 
Although substances capable of direct oxidation through the cyto- 

hrome system are few, other substances may be brought into the 
system by a preliminary process of oxidoreduction ; this is made 
clear on p. 26. 

Cytochrome c does not react directly with oxygen; the reduced 
form has so far only been oxidised by the enzyme cytochrome oxi- 
dase with which it is closely associated in the cell. The system 
can therefore be represented as follows : 
succinic 


A. Succinate ae rere 


+ cytochrome = reduced cytochrome 


+ fumarate 
cytochrome 
oxidase 


B. Reduced cytochrome 


— + O, = oxidised cytochrome 
+ water 


A is strongly inhibited by heat and narcotics, B by heat, cyanide 
and carbon monoxide. This accounts for cytochrome in the cell 
remaining in the reduced condition when poisoned with cyanide 
and in the oxidised condition when poisoned with narcotics, 
neither of these poisons acting on the cytochrome itself. ‘The cyto- 
chrome oxidase is almost certainly identical with the oxygen- 
transporting enzyme or Atmungsferment studied by Warburg. The 
former has been prepared from heart muscle,* ° and in this con- 
dition oxidises only cytochrome c, the rates of oxygen uptake being 
approximately the same as that due to the aerobic respiration of a 
corresponding amount of intact tissue; the reoxidation of cyto- 
chrome is inhibited by —CN and CO, H,S and NaNg, the CO 


1 Keilin & Hartree, 1937(1). * Green, 1934. * Ogsten & Green, 1935. 
* Keilin & Hartree, 1938 (1). 5 Warburg, 1926. 
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inhibition being reversed by exposure to light. Meret aes 
pointed out that the inhibitions by —CN and CO are evidence "7 
the enzyme is an organic iron compound since it 1s a Lae O 
iron in organic combination to combine with both these su parse 
Thus trivalent iron combines with —CN ; this is shown by the a 
that cyanide inhibition is independent of oxygen pressure ; ee 
therefore inhibits the reduction of the enzyme. CO, like O,, 
combines with the reduced (divalent) form of the enzyme and 
the action of these two is competitive ; CO therefore inhibits the 
oxidation of the enzyme and the action is reversible by light. The 
transfer of hydrogen is represented thus : 


Dehydrogenase e e 
£4 Ae, 
pa netrateran —-~>cytochrome—|2 at —-~>oxidase— 2 rd —-O; 
NH Ge: qo 
= —_ 


The evidence for the existence of an iron-containing substance 
with these relations to —CN and CO as given by Warburg and his 
colleagues has been based entirely on indirect methods. Kubo- 
witz and Haas? have thus demonstrated by an indirect method the 
existence in certain aerobic cells (e.g. Acetobacter pasteurianum and 
baker’s yeast) of a substance with a distinct absorption spectrum 
having the properties of the oxidase. For this spectroscopic study 
use is made of the fact that the CO inhibition is reversible by 
exposure to light; this implies that the enzyme forms a CO- 
compound decomposed by light. For the light to act in this way 
_ it must be absorbed, hence the quanta of light absorbed at any 
given wavelength can be measured by the decomposition of the 
CO-enzyme complex, which in its turn can be measured by the 
oxygen uptake of the cell. ‘Thus assuming that the incident quanta 
of light energy equal the quanta absorbed, and that the intensity 
of the illumination is known, the light absorption coefficient is 
given by the equation 


where W, and W, are the rates of oxidation per unit of material 
at wavelengths 1 and 2 respectively. Fig. 2 gives the absorption 
spectrum obtained in this way from suspensions of the aerobic 
organism Acetobacter pasteurianum. Here the absorption at 436 
mu. = 100, this being approximately the position of maximum 
absorption. The bands on the left of this are subsidiary bands in 
the ultra-violet, those on the right are the a-band at 5go mu, the 


1 Warburg, 1926. 2 Kubowitz & Haas, 1932. 
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8-band at 540 mu and the §’-band at 524 my. ‘The spectrum 
obtained for A. pasteurianum approximates very closely to that 
from other aerobic cells such as baker’s yeast. In thick suspen- 
sions of A. pasteurianum' a band at 589 mu has been observed 
which disappears on oxidation but is sharpened by —CN. If 
treated with —CN and shaken with oxygen it disappears while the 
cytochrome bands are unchanged ; on saturation with CO it shifts 
to 593 mu. ‘This band therefore behaves as would be expected if 
it belonged to the oxidising enzyme. 
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More recent studies? have provided direct spectroscopic evi- 
dence that cytochrome oxidase is an iron compound with many of 
the properties of a hamochromogen chemically related to the 
other cytochromes. The existence of this compound was for long 
unrecognised because in the oxidised state its bands are invisible 
and in the reduced (hemochromogen) state they coincide with 
those of cytochrome a. The new compound has been named by 
its discoverers a3 in order to distinguish it from cytochrome as 
well as from a1 (589 my) and az (630 my) occurring in some 


1 Warburg & Negelein, 1933. 2 Keilin & Hartree, 1939. 
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bacteria. The evidence in favour of a3 being identical with cyto- 
is as follows: 

at: et 2. It is affected by chemical treatment 
and agents such as acids and alkalis, acetone, alcohol, freezing and 
drying in the same way as is cytochrome oxidase. 3: It is autoxi- 
disable and when in the reduced form combines with CO, forming 
a compound having an «-band at 590 mu corresponding to the 
CO band of Warburg’s Atmungsferment and a y-band at 432 mu. 
4. It combines with —CN both in the divalent and trivalent state, 
forming two different compounds of which the former (CN- 
hzemochromogen) is easily autoxidisable while the latter (CN- 
parahezmatin) is stabilised in the oxidised condition and cannot be 
then easily reduced. 5. In the divalent state cytochrome a3 com- 
bines with the following well-known inhibitors of cytochrome 
oxidase : H,S, NaN, and NH,OH. 6. a3 is reduced by the same 
biological systems as is cytochrome oxidase. 


Cytochrome and cytochrome oxidase in bacteria 

The cytochrome in bacteria corresponds roughly to their 
respiratory character. Many highly aerobic organisms have a 
complete cytochrome spectrum, whilst in many facultative an- 
aerobes one or more components (usually c) is missing. All mem- 
bers of the Clostridia so far reported have no cytochrome com- 
ponents and the same is true of certain streptococci (see Table 1). 

The presence of cytochrome oxidase is shown by the effect of 
CO on oxidations by the cell. For this purpose the oxidation of 
p-phenylenediamine can be measured manometrically ; this is 
oxidised by cytochrome which in its turn is reoxidised by the oxi- 
dase. The inhibition of this oxidation by CO and the reversal of 
the inhibition by light are characteristic of the cytochrome oxidase. 
Where the oxidation of the p-phenylenediamine does not exhibit 
this behaviour towards CO and light (as reported for some species 
of bacteria!) the cytochrome oxidase is not an active component 
of the system. Cytochrome oxidase effects only the oxidation of 
cytochrome ; the oxidation of p-phenylenediamine (and of biologi- 
cal hydrogen donators) occurs only through cytochrome as an 
intermediary. ? 

If a thick paste made by centrifuging an aerobic organism such 
as Bac. subtilis or a highly aerobic yeast be examined with the 
microspectroscope, the four bands of cytochrome are generally not 
at first visible since the absorption spectra are characteristic of the 
reduced forms of the cytochromes, If now glucose, succinate 
or any substance for which the organism possesses a dehydro- 
genase, be added the four bands appear ; on shaking with air they 


ont oe 
Frei Riedmuller & Almasy, 1934. * Keilin & Hartree, 1938 (2). 
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TABLE 1 
DISTRIBUTION OF CYTOCHROME IN BACTERIA 


: : Absorption bands of 
Species and Strains reduced cytochrome 


Aerobes 
B. subtilis A . 
B. mesentericus vulgatus .« 
B. anthracis . : 
B. mycoides . 
B. tuberculosis 4 
Azotobacter chroococcum . 
- vinelandii 
B. xylinum é 
B. pasteurianum 
Sarc. aurantiaca 
», lutea 
Staph. aureus 
» albus . 
» citreus 
V. cholere 
Gonococcus 
Meningococcus 
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Facultative anaerobes 
B. pyocyaneus , 
B. fluorescens liquefaciens 
B. denitrificans A 
B. proteus vulgaris . 
B. coli communis 
B. coli communior . 
B. typhosum . : 
B. paratyphosum A 
B. paratyphosum B 
B. dysenteriae shiga 
B. dysenteriae flexner 
Pneumococcus I 
Str. acidi lactici 
B. delbriickii . 
B. acidophilus 
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Strict anaerobes 
Cl. tetanum . 
Cl. sporogenes 
Cl. welchii 
Cl. putrificum 





again disappear and this alternate reduction and oxidation can be 
repeated indefinitely. If now a drop of cyanide is added to the 
preparation the reoxidation is permanently inhibited and the bands 
no longer disappear on shaking with air. If instead an inhibitor 
for the dehydrogenases—for example, narcotics—is used the cyto- 
chromes remain in the oxidised state, i.e. no bands are visible ; 
it can be shown, however, that the cytochromes are still intact as 
they reappear on the addition of a chemical reducing agent such as 
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rosulphite. The naturally occurring reducing agent 

i cs acai i and b—less certainly for c—is the ipl sae 
diaphorase, which thus acts as the link between cytochrome an 
those dehydrogenases working through coenzyme I. The pace 
of the dehydrogenases active in bacteria are of this type. The 
cytochromes in their case are oxidised by cytochrome oxidase 
which transfers hydrogen to molecular oxygen, forming water. 

The facultative anaerobe, Bact. coli, when grown aerobically 
takes up oxygen by means of a system which is reversibly inhibited 
by —CN, H,S, azide and CO, thus resembling typical aerobic 
cells; the inhibition by CO is, however, not reversed by light, 
indicating that cytochrome oxidase is not involved. Spectroscopic 
examination shows that the band a3 (cytochrome oxidase) is absent, 
as is also cytochrome ¢.* ‘This is in agreement with the fact that 
crushed cells of this organism are unable to oxidise cytochrome c 
supplied from another source or to oxidise p-phenylenediamine 
either in the presence or absence of added cytochrome c. This 
system is further differentiated by the absence of cytochrome a, the 
band of which is replaced by a hardly perceptible band az at 
628 my similar to a2 of Azotobacter. The typical band } is also 
absent and is replaced by b2 at 560 mu. The band a2 belongs to 
an autoxidisable compound which reacts with —CN, when the 
band disappears, and with CO, when it moves to 634 mu. The 
general conclusion derived from these observations seems to be 
that in this organism cytochrome 61 is reduced by the dehydro- 
genases and oxidised by a2, which is an autoxidisable component 
fulfilling the function of cytochrome oxidase. a2 appears to be 
identical with the a2 of the aerobic organism Azotobacter. 


Direct-oxidising enzymes 

Besides the dehydrogenases which pass the 2H through the 
coenzyme I-cytochrome system to O,, there exist a few enzymes 
which appear to transfer 2H direct from the substrate to O,, 
forming H,O, or in some cases H.O. Among these is the oxidase 


separated from Proteus vulgaris oxidising a number of «-amino- 
acids to the keto-acids +- NH3.2 


R.CHNH,.COOH +0 =RCO. COOH + NH, 


the xanthine oxidase of milk and liver (acting also on aldehydes), 
the glucose oxidase of 4, niger first described by Miller and 
probably identical with notatin.4 The last-mentioned oxidase 
catalyses the oxidation of glucose to gluconic acid. 


(OM s Ge ns H,O+0, = CaHyOf H,O, 
1 Keilin & Harpley, 1941. 


2 
8 Miller, 1928. Stumpf & Green, 1944. 


* Coulthard et al., 1942. 
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Such oxidases may function in certain facultative anaerobes 
(certain streptococci and some lactic bacteria) which, though 
living mainly by anaerobic mechanisms, do, when strongly aerated, 
produce H,O,, though possessing no cytochrome, catalase or 
peroxidase. 


Dehydrogenases reducing cytochrome c direct 

In the case of animal tissues certain variations on the above 
scheme exist. There are a few dehydrogenases—succinic dehydro- 
genase and «a-glycerol phosphate dehydrogenase—which appear to 
reduce cytochrome c directly without the mediation of coenzyme I 
or diaphorase ; so far these enzymes have not been shown to have 
any prosthetic group attached to the enzyme protein which might 
replace the flavin moiety of diaphorase. The succinic dehydro- 
genase of heart tissue has, however, recently been split into two 
components, the dehydrogenase proper and a component trans- 
ferring 2H to cytochrome c. The succinic dehydrogenase of bac- 
teria has not so far been separated from the cell so it is uncertain 
whether it behaves in the same way as the corresponding enzyme 
from animal sources, but the formic dehydrogenase of Esch. colt 
certainly belongs to this category.! ‘Table 2 gives an example of 
each type of dehydrogenase. 


TABLE 2 


Dehydrogenase reacting with 


Coenzyme I and the Coenzyme IT and the Cytochrome O2 direct 
cytochrome system cytochrome system direct 


Triosephosphate Hexosemonophos- | Succinic acid | Xanthine oxidase 
(E. coli) phate (animal) (animal)? Aldehyde oxidase 
(milk and liver) 


Ethylalcohol Glycerolphosphate Glucose oxidase 
(E. coli) (animal) 


Lactic acid (yeast) —_ Formic acid | J-a-amino-acid 
B-hydroxybutyric oxidase (Proteus 
acid (animal) vulgaris) 


Malic acid (E. coli) a 





The polyphenol oxidase and laccase 


A system analogous to the Warburg-Keilin system is important 
in some plants.* This consists of an oxidase which oxidises 
certain o-dihydroxyphenols such as catechol, pyrogallol and p- 
cresol to o-quinones, which are in turn reduced by other substances 


1 Gale, 1939. 2 See however Straub, 1942. 3 Onslow, 1931. 
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such as ascorbic acid and reduced coenzyme. ‘The hydrogen- 
transferring system may therefore be represented thus : 


isl 
RC —> catechol eileen S, O, 
H 


oxidase 


Catechol and catechol oxidase therefore replace cytochrome and 
cytochrome oxidase in the other system. Catechol oxidase has 
been separated from mushrooms in a highly purified state’ and is 
a copper protein compound with a Cu content of 0-30% and is of 
great activity, 1 yg. Cu transferring 6000 ul. O, per minute at 
20°; giving a Qo, of 1,600,000. It has not so far been reported in 
bacteria. 

In addition some plant tissues contain another enzyme, laccase,? 
catalysing also the oxidation of para-compounds such as hydro- 
quinone and p-phenylenediamine and also ascorbic acid. 


Peroxidase and catalase 


In addition to the systems responsible for the main-line course 
of oxidation two subsidiary systems exist concerned with the 
utilisation or removal of the hydrogen peroxide formed by the 
primary system ; these are peroxidase and catalase. 

Peroxidase is an enzyme (or possibly a group of enzymes) 
characteristic of plants and found also in some animal material, 
catalysing the oxidation of certain substances by hydrogen perox- 
ide. This enzyme has been prepared in a highly purified and very 
active condition (Q9, = 2-5 x 10°)* from horse radish and its 
structure and properties studied.* It is a hematin compound with 
a characteristic absorption spectrum capable of forming two well- 
defined compounds with H,O,; in the presence of certain oxi- 
disable substances the decomposition is very rapid and is accom- 
panied by the oxidation of the substance. The action of peroxidase 
©) Be HO, and the oxidisable substance (R) can be represented 

In, P- HO Pe HO: 
2. P.H,O, + RH, >P+R-+2H,O 


‘These reactions are inhibited by 
dase. Examples of oxidations 
o-diphenols to quinones, nitrite 
to coloured products, reduced 
their respective oxidised forms. 


—CN which combines with peroxi- 
effected by peroxidase activity are 
to nitrate, tyrosine and tryptophan 
glutathione and ascorbic acid to 

The principal source of animal 


? Keilin & Mann, 1938. 2 Ibid. 


5) ) F 3 i 
* Calculated from the purp Bota Ibid., 1937. 


urogalline number 1500. 
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peroxidase is milk; a peroxidase has also been described in 
mammalian lung and spleen.1 

Some confusion has arisen owing to the use of benzidine, guaia- 
cum and p-phenylenediamine as tests for peroxidase in tissues. 
These substances are oxidised by peroxidase and H,O, and such 
reactions are heat-labile, but they are also oxidised by many 
hematin compounds present in blood and tissues (including cyto- 
chrome c), and such oxidations, though quantitatively insignificant 
(and heat-stable), are liable to be confused with true peroxidase 
reactions when only qualitative tests are applied. Many peroxi- 
dases reported in bacteria are probably of this type. 

Catalase is an enzyme related to peroxidase, more characteristic 
of animal tissues than of plants and present also in aerobes and in 
many facultative anaerobes. It has been separated in a high 
degree of activity (Q,2 = 8 x 107) from pig’s liver? and found to 
be a hematin compound. It catalyses the decomposition of H,O, 
into water and molecular oxygen and is regarded as a protective 
mechanism whereby the H,O, formed in other oxidations is 
rendered innocuous. 

The mechanism of the action of catalase has been elucidated? 
by use of the purified preparation. Anaerobically the decomposi- 
tion of H,O, does not occur, and it can further be shown spectro- 
scopically by using the azide and hydroxylamine compounds of 
catalase that H,O, is the only substance which (anaerobically) 
reduces catalase iron. The aerobic action of catalase and H,O, is 
therefore represented by an anaerobic reduction of catalase iron by 
H,O, and an aerobic oxidation by Oy. 


A. 4Fe°* + 2H,0O, = 4Fe’’ + 4H: + 20, 
B. 4Fe’: + 4H’ + 20, = 4Fe'** + 2H,O+ 0, 


A is inhibited by KCN, H,S and C,H;OH ; 'B by azide, hydrazine 
and hydroxylamine. 

Thus in peroxidase and catalase we have two enzymes with many 
points in common but quite distinct types of activity ; their com- 
mon properties being attributable to their common hematin 
nucleus and their differences to the fact that the attached protein 
molecules are different. 

Recent investigations, however,* throw doubt on the intra- 
cellular protective action of catalase in decomposing H,O, to 
O, + H,0O. Mammalian red blood cells are rich in catalase and 
when H,O, is added to them it is violently decomposed, the 
oxyhzmoglobin remaining unchanged. It therefore appears that 
the catalase has protected the hemoglobin from oxidation to 


1 Bancroft & Elliott, 1934. ? Keilin & Hartree, 1936. 
* Ibid., 1937 (2). Ibid., 1945. 
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If, however, the H,O, is delivered to the cell 
on by the interaction of an enzyme system— 
se and glucose—it is then found that 
oxidised to methemoglobin Vi ne is 

rotects hemoglobin from HO, at high con- 
sare Fanner: ie low ones. This apparent contradiction is 
explained by the fact that at high concentrations of H,O;, O, is 
produced sufficiently rapidly to oxygenate haemoglobin to oe 
hemoglobin ; when in the oxygenated (as opposed to the oxidised) 
state the ham (ferroprotoporphyrin) does not react with HO. 
When, however, the H,O, is produced at very low concentrations 
the tension of the O, liberated by catalase is insufficient to push 
the reaction Hb + O, = HbO, to the right and the hemoglobin is 
in the unoxygenated state and susceptible to oxidation to hematin 
by the low concentrations of H,O,. In oxidising systems and 
cells where H,O, is produced the latter can be broken down in 


three ways: 

1. By catalytic decomposition 2H,0, > 2H,O + Os. 

2. By certain substances, notably pyruvate, which are spon- 
taneously oxidisable by H,Oy,. 


CH,.CO.COOH + H,O, = CH,COOH + CO, + H,O 


This reaction occurs in the presence of HO, only and it does not 
require enzyme catalyses. ee 1 

3. By secondary oxidations catalysed by catalase in virtue of its 
peroxidase function. The oxidations at present shown to occur 
most readily in this way are methanol, ethanol and n-propanol to 
their respective aldehydes. Higher alcohols are but little attacked, 
nor are the sugars, lactate and malate. 


30 
hematin by H,O>. 
in low concentrati i 
for example, glucose oxida 
the hemoglobin is rapidly 


The role of hydrogen peroxide 

The majority of aerobes and facultative anaerobes possess cata- 
lase by which means the H,O, produced in aerobic. oxidations 
is decomposed before it attains a sufficient concentration to be- 
come toxic to the organism. Hydrogen peroxide can, however, 
be demonstrated in some bacteria as a result of aerobic oxidation : 
chief among these are the Pneumococci,! Streptococci and two 
lactic-acid producing bacilli, B. bulgaricus and B. actdophilus.*, 3, 4 
Some organisms are devoid of catalase but have not been shown 
to produce H,O,, viz. B. dysenteree shiga, certain Streptococci, 
and some other strains. 

A special case of an organism lacking catalase is that of Aceto- 
bacter peroxydans. "This aerobe, however, produces no demon- 


1 M‘Leod & Gordon, 1922. 2 Ibid. * Rywosch & Rywosch, 1907. 
4 Callow, 1923; M‘Leod & Gordon, 1923 (1), (2); Avery & Neill, 1924. 
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strable H,O,, but the oxidising system differs from the lactic 
bacteria just mentioned in being cyanide sensitive. Hydrogen 
peroxide at M/250 is inhibitory to oxidation but at M/800 acts 
as hydrogen acceptor at a high velocity (Q,, = 500). Acetalde- 
hyde anaerobically gives only traces of acetic acid, showing that 
aldehyde mutase is almost entirely lacking, hence the oxidation 
of alcohol is regarded as proceeding thus: 


C.H,OH + O, = CH,. CHO + H,0, 
C,H,OH + H,O, = CH, . CHO + 2H,O 


It appears that we have here a case of an organism using a 
peroxidase system as its main respiratory mechanism ; p-pheny!l- 
enediamine is oxidised by H,O, and in the presence of the organ- 
ism probably by the same peroxidase. Spectroscopic examination 

ows an absorption at A 5526 to 5556. 

Hydrogen also is oxidised by oxygen and by H,O,, but the 
former oxidation soon comes to a standstill. The mechanism 
here is a little obscure ; aerobically hydrogen does not react with 
H,O,, possibly on account of the high affinity of oxygen for the 

ae 

In the case of the lactic bacteria the system seems unadapted 
to aerobic life; here during the early stages of the oxidation of 
glucose the H,O, accumulating is roughly proportional to the 
oxygen taken up: 


OF: OOF + 6H,O + 20). — 6CO, + 1211.0), 


This suggests that the H,O, is not used for any secondary oxida- 
tion ; the absence of peroxidase is confirmed by the fact that the 
oxidation is unaffected by CO and —CN.* The case of the pneu- 
mococcus is again different. Here the H,O, formed in the 
primary oxidation of glucose reacts with pyruvic acid which pro- 
tects the enzyme systems in the same way as added catalase ; it 
is not clear whether this effect is due to peroxidase.*® 


Glutathione 

This substance was first isolated by Hopkins‘ from yeast, 
mammalian muscle and liver in proportions of ovr to o-15 g. per 
kg. It was at first believed to be a dipeptide, glutaminy] cysteine, 
but was later shown to be a tripeptide, glutaminylcysteinylgly- 
sine.° From the biochemical standpoint the importance of gluta- 
thione lies in its possession of the —SH group. In neutral or 
alkaline solution this is readily autoxidisable, two molecules of the 


1 Wieland & Pistor, 1936. : Bertho & Gliick, 1932. 3 Sevag, 1933. 
* Hopkins, 1921. 5 Ibid., 1929. 
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idi —_S—S— form? fos 
—SH form being oxidised to one of the 
convenience the former is written GSH and the latter GSSG. 


s>HOOC.CH.CH,.CH,.CO.NH.CH.CO.NH.CH,.COOH 
NH, | CH,SH 


| 
HOOC.CH.CH,.CH,.CO.NH.CH.CO.NH.CH,. COOH 
| | 
CH.S 
NH, ‘ ‘<a 
NH, CH,S 


| 
HOOC.CH.CH,.CH,.CO.NH.CH.CO.NH.CH,.COOH 


Glutathione is an intracellular product of all actively growing 
animal and plant tissues and probably of many bacteria. Its 
presence in the reduced form is indicated by a nitroprusside re- 
action given by cells which have previously been disintegrated 
mechanically by hypertonic salt solutions, dilute acids or other 
means. 'T’o aqueous suspensions of such preparations ammonium 
sulphate is added to saturation followed by a small amount of 
nitroprusside and strong ammonia; glutathione is indicated by a 
pinkish magenta colour which quickly fades. Bacteria must be 
washed free from culture media before the test is performed, as a 
number of substances often present in media as a result of bac- 
terial action, such as hydrogen sulphide and substances having the 
—SH group, as well as acetone, give a similar colour with nitro- 
prusside. Glutathione has not so far been isolated from bacteria 
owing to the difficulty of obtaining sufficient material, but well- 
washed suspensions have been examined qualitatively.1 

The physiological role of glutathione is very difficult to appraise. 
In vitro it catalyses the oxidation of sulphydryl proteins. Muscle 
proteins prepared by thorough extraction of muscle with boiling 
water and drying with alcohol and ether (thus removing all soluble 
hydrogen donators and destroying enzymes) reduce GSSG to 
GSH at neutral pH, the GSH being oxidised aerobically to GSSG 
and again reduced to GSH by the washed muscle proteins. The 
transfer of hydrogen from the protein to GSSG and from the 
GSH to oxygen is independent of enzyme action, but the latter 
reaction is conditioned by the presence of iron complexes and in- 
hibited by cyanide.’ The oxidation of protein by GSSG appears 
to depend on the existence on the protein of insoluble substances 
giving the nitroprusside reaction known as fixed —SH (TSH} 


1 Callow & Robinson, 1925. 


? Harrison, 1924. 
3 Meldrum & Dixon, 1930. » 1924 
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If such material be incubated anaerobically with GSSG the hydro- 
gen is transferred from the TSH to the GSSG;; this in turn is 
oxidised aerobically, the total oxygen taken up being many times 
larger than the total —SH (both fixed and soluble) of the system. 
The oxidation may thus be represented 


2TSH + GSSG + 2GSH + TSST 
2HP + TSST +P + 2TSH 


It is difficult to say whether this system is purely artificial or 
whether it also functions in vivo. 

| It appears that zm vivo the reduction of glutathione can occur 
through some thermolabile dehydrogenase systems. This has been 
shown in the case of liver, ? where glucose is the probable 
donator, and in intact red blood cells, where glucose, mannose, 
galactose and fructose all function.* Glutathione may also func- 
‘tion as an intracellular reducing agent ; it has, for example, been 
‘shown that it re-reduces ascorbic acid after oxidation by the 
enzyme ascorbic oxidase im vivo and serves a similar function for 
intracellular enzymes or carriers which need to be kept in a 
‘reduced condition. 

_ Another function performed by this compound is that of co- 
‘enzyme of glyoxalase ; the mechanism of this action is not clear 
‘but appears to depend on the formation of a compound between 
‘methylglyoxal and GSH and its decomposition into GSH and 
lactic acid, both reactions being catalysed by glyoxalase.® ¢ 


‘The incomplete oxidation of substrate 


’ When using intact cells it has been found that aerobically the 
‘oxidation of many substrates is incomplete; thus in the case of 
washed suspensions of Bact. coli and Bact. alcaligines lactate, 
pyruvate and acetate are oxidised to §, ; and ¢ of completion 
respectively. In the case of Bact. coli glucose is oxidised to the 
‘same extent as lactate ; formate, on the other hand, is oxidised to 
‘completion.’ No products of incomplete combustion were found. 
‘A similar state of affairs was found for the Spirilla® with a number 
of different compounds. Giesberger advanced the theory that the 
incomplete oxidation is associated with assimilation; the CO, 
‘output + O, uptake of various compounds studied are in close 
agreement with this hypothesis. Thus Tables 3 and 4 give the 
experimental figures upon which they are based and show the 
extent of agreement with theory. . 

These observations were extended by Clifton,® using Ps. calco- 
acetica. UHere it was found that with the normal organism the 


: ins & Elliott, 1931. 2 Mann, 1932. 3 Meldrum, 1932. 
‘ y scoedy 1932. 6 Jowett & Quastel, 1933. 6 Yamazoye, 1936. 
7 Cook & Stephenson, 1928. 8 Giesberger, 1936. °® Clifton, 1937. 


D 
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oxidation of acetate and butyrate reaches about 4 of completior 
yet when the cell is poisoned with sodium azide (M/1 600) or wit 
2: 4-dinitrophenol (M /4000) complete oxidation 1s obtainec 
These poisons therefore appear to inhibit the assimilatory proces 
without greatly decreasing the rate of oxidation which proceeds t 
completion. In order to clinch this theory it remains to demon 
strate an intracellular storage of carbohydrate, as has been show! 
for the alga Prototheca zopfii.1 For further information alon 
these lines the reader is referred to a review by Clifton.? 


TABLE 3% 








I. Acetic acid . ° C.H,0; a O, a Co, - (CH,O) — H,O 

2. Propionic aicd . | 2CsH,O, + 60, > sCO, + (CHO) + 5H20 
3. Lactic acid . . | C3H,O3 + 20, > 2CO, + (CH,O) + 2H,O 
4. Pyruvic acid . . | 2C3H,O3 + 30, > 4CO, + 2(CH,O) + 2H,O 
5- Succinic acid. . 2C,H,O, + 50, Te 6CO, -b 2(CH,O) + 4H,O 





Suggested course of oxidations by Sp. serpens. 


TABLE 44 





Oxygen taken up CO2 given off Respiratory Quot. 


Calcu- Observed Calcu- Observed Calcu- Observed 


1. Acetic acid . 1°00 1°03 1°00 1'07 I'0o 1°05 
2. Propionicacid | 3°00 3°00 2°50 0°83 0°83 0°84 
3. Lactic acid . 2°00 1°98 2°00 1'00 I'00 °'99 
4. Pyruvic acid. 1°50 1°42 2°00 139 ie 1°28 
5. Succinic acid 2°50 2°82 3°00 1°20 1°20 I°I5 





The oxygen taken up during the oxidation of various substrates by Sp. serpens 
The calculated values agree with reactions 1-5 postulated in Table 3. 


ANAEROBIC RESPIRATION 


Reversal of dehydrogenase systems 


Before discussing the reactions by which bacteria obtain energ} 
anaerobically the reactions between different dehydrogenase sys: 
tems must be considered in greater detail. 

It was first shown by Quastel and Whetham! that the succini 
acid system in the presence of methylene blue could be reversed 
that is: succinic acid + MB = fumaric acid + LMB. This car 
be demonstrated most easily by using a Thunberg tube with : 
hollow stopper. In the tube are placed 1 ml. buffer Fe By ge etek es | 
M/500 succinate; 1 ml. 1/5000 MB; x ml. cell suspension ; i 
the hollow stopper 1 ml. M/50 fumarate. The whole is evacuater 


* Clifton, 1946. * Barker, 1935. 2 Gicah 
4 Ibid. 5 Quastel & Whetham, ig: sachet 1936, pp. 98 and go. 
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and incubated till the MB is reduced ; the fumarate is then tipped 
into the tube which is replaced in the bath; the LMB gradually 
becomes reoxidised. The fact that the reversal is due to enzymic 
‘Feaction can be shown either by heating the contents of the tube 
in a boiling-water bath before tipping or by adding a sufficiently 
powerful antiseptic with the fumarate ; in these cases no reoxida- 
tion is observed. A precisely similar experiment can be done with 
the lactic dehydrogenase preparation described above, using lac- 
tate, pyruvate and cresyl violet. Even more striking is the case 
of hydrogenase of Bact. coli which catalyses the change of mole- 
cular to active hydrogen thus: H, =2H. The fact that this 
reaction is reversible can be demonstrated by placing 1 ml. buffer 
and 1 ml. of indicator (in this case methyl viologen) in a series of 
vacuum tubes, each of which is filled with hydrogen at a different 
partial pressure. After allowing the reactants to come to equili- 
brium at the required temperature the degree of reduction of the 
“dye can be estimated by matching the colour against tubes of 
standard dilutions. It is then found that whilst the pH is constant 
the percentage reduction of the dye is a function of the partial 
pressure of the hydrogen, i.e. that the system is completely rever- 
sible. Moreover, the action of the enzyme is exactly replaced by 
colloidal palladium as catalyst, the degree of reduction of the dye 
at any partial pressure of hydrogen being identical in the two cases, 
provided that all other conditions (temperature and pH) are 
constant. 


Oxidation-reduction potential 


The conception of reduction intensity as a measurable quantity 
‘has become useful in biology and is inherent in the idea of rever- 
sible dehydrogenase systems. The mathematical theory of this 
conception has been fully treated in a number of monographs and 
reviews® * and will not be dealt with here ; the phenomena upon 
which the conception rests will be briefly considered. A repre- 
‘sents a solution of an acid WN in respect of hydrogen ions in 
equilibrium with hydrogen gas at 1 atm., B is a solution of an 
iron salt 50% Fe+++ and 50% Fet++. A and B are connected by 
an agar bridge. A is brought into effective contact with H, by a 
platinum electrode C covered with palladium. D is an-electrode 
dipping into B; this catalyses the reaction Pee 2H. When 4 
and B are joined by the conducting bridge (agar saturated with 
potassium chloride) and C and D by a wire, a galvanometer (G) 

t into the circuit shows that a current flows in the direction 
D-C_ If the system is left with the circuit complete the solution 
in B becomes reduced, i.e. the proportion of ferrous salt increases 

1 Green & Stickland, 1934. * Wurmser, 1930. * Mansfield Clark, 1928. 
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and H+ ions in A increase. The changes are represented in 


equilibria 1 and 2: 
1, Fett = Fett+ +(e) 

2. H, =2H =2H?+ + 2(e) 

The flow of the current in the direction D-C indicates the flow 
of electrons in the opposite direction and the chemical effect of 
this flow is shown by the reduction of ferric to ferrous salt in B 
and the oxidation of H, to H+ in A. If, when the vessels are in 
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their original condition (i.e. 4 N with respect to H+ in contact 
with H, at 1 atm. and B with 50% of the iron reduced), a potentio- 
meter 1s introduced in the circuit, a measure of the pressure of the 
electrons can be made. If we regard the potential of the hydrogen 
half-cell in the defined conditions as 0, the Eh of the ferrous ferric 
system 1s + 0-75 v. If the ratio of ferrous to ferric ions be 
increased to 9 the potential becomes more negative, 0-690 y; if 
the ratio be altered in the opposite direction (3) the potential 
becomes more positive. If Eh is plotted against percentage reduc- 
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tion an S-shaped curve is obtained similar to that in Fig. 3. Eo 
is the potential characteristic of the system when the oxidised and 
reduced forms are equivalent ; when this is not the case it can be 
derived from the equation 


RT ,__ Red 
Eh = Eo — —— log —— 

°F Os 
where Eh is the observed potential, R the gas constant, T the 
absolute temperature, F the Faraday electrochemical equivalent 
and m the number of electrons transferred in the reaction formula. 


*6 


Eh 


) 2 4 6 8 10, v.1Za' <4 
pH 
Fic. 4? 


The Eh of the system also varies with the pH, a rise in pH value 
resulting in a more negative Eh (see Fig. 4). The exact change 
due to pH depends on a number of factors and cannot be detailed 


here.! 


1 Mansfield Clark, 1928. 
2 Ibid., Studies on Oxidation-reduction, No. VIII, Methylene Blue. US. 
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Every reversible oxidising-reducing system has a characteristic 
potential (Zo’) when measured against the hydrogen half-cell in 
the conditions given above and at 30° and pH 7-0. It will be 
convenient to consider first the dyes which serve as oxidation- 
reduction indicators. Fig. 4 represents the change in Eh of the 
system, methylene blue—leucomethylene blue due to changing 
ratio of the oxidised and reduced form ; Ko’ = Ehwhen MB/LMB 
= 1 in the standard conditions given above. At the point of 50% 
reduction the Eh is stabilised or buffered and requires a greater 
relative change in oxidant or reductant to effect a change in Eh 
than at the ends of the curve. This is analogous to the buffering 
action of the pH system and has been termed the poising action. 
In order to bring the conception of intensity of oxidation-reduction 
into line with intensity of acidity as measured by pH, Clark repre- 
sented it by the symbol rH ; thus, whilst pH represents the nega- 
tive logarithm of the hydrogen-ion concentration, rH stands for 
the negative logarithm of the hypothetical hydrogen pressure in 
equilibrium with the redox system in question : 


F 
H = 2( —_.Eh H 
r Ca, +p ) 


The scale is so arranged that the two points are fixed by the 
hypothetical oxygen electrode in equilibrium with 1 atm. of oxygen 
and the pure hydrogen electrode under 1 atm. of hydrogen, the 
difference in potential between these being 1-23 volts. 

The position of any system on the scale determines its behaviour 
towards all other systems ; thus the reduced form of any indicator 
will reduce the oxidised form of all indicators more positive to it, 
whilst the oxidised form will oxidise the reduced form of all 
systems more negative (see Fig. 5), 

In the case of reversible redox enzyme systems their behaviour 
towards the indicators on the scale gives useful information as to 
the potential at which the oxidant and reductant are in equi- 
librium. Thus in the case of the lactic dehydrogenase of Bact. coli 
lactate and enzyme will reduce the oxidised form of all indicators 
whose Eo’ at pH 7-0 is more positive than —o-20 v. (e.g. cresyl 
violet), whilst the same enzyme in the presence of pyruvate oxidises 
the reduced form of all indicators more negative than rosinduline 
but none more positive ;* this indicates that the potential of an 
equimolecular mixture of Pyruvate and lactate in the presence of 
the enzyme must lie somewhere between Eh —o-167 and —o-281 
This can be shown experimentally as follows : 
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is the reaction vessel connected to a vacuum pump ; 
in ae ee a gold or platinum electrode armptiics to : 
potentiometer. A is drawn out to a capillary which is a rae 
agar saturated with KCl and dipping into a saturated so te & 
KCl. This is connected by bridges of agar saturated wit 


40 





Potentiometer leads 


FIiGs0 


with a calomel half-cell carrying the second electrode. A contains 
buffer at pH 7-0, enzyme preparation (lactic dehydrogenase) and 
lactate and pyruvate in varying proportions and a trace of cresyl 
violet. ‘The vessel is evacuated and the potentiometer reading 
recorded ; if the Eh is plotted against the ratio lactate/pyruvate a 
curve as seen in Fig. 7 results. 

In a similar way the position on the potential scale of succinate 
and fumarate and other reversible systems is determined. Fig. 
5, I, shows the Eo’ at pH 7-0 of some of the redox indicators ; 
II that of some naturally occurring carrier substances ; III that 
of some reversible enzyme systems. We will now consider what 
information can be gained from this method of regarding the 
subject. In the first place, the oxidised form of any of the sub- 
stances in column I will rapidly oxidise the reduced form of any 
other substance lying below it in the scale, but any substance lying 
above it is not oxidised at all or only at a low rate; conversely, 
the reduced form of any substance will reduce the oxidised form 
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of any other substance lying above it, but any substance below it 
is either not reduced at all or only at a low rate. Such oxidations 
or reductions occur without the intervention of any enzyme or 
catalyst though at very differing rates. On the other hand, sup- 
posing the reduced form of hypoxanthine be put in contact with 
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the oxidised form of methylene blue, no action occurs except in 
the presence of the appropriate enzyme (xanthine oxidase) to 
catalyse the transfer of hydrogen to the dyestuff. In the presence 
of its dehydrogenase the oxidised form of any substance in 
‘column III will oxidise the reduced form of any substance in 
column I lying below it, whilst the reduced form of any substance 
in III will reduce the oxidised form of any substance in column I 
lying above it, but none of those lying below it except at a very low 
rate. When we consider the relationship of the substances in 
column III among themselves a different state of affairs is mani- 
fest. On the analogy of what occurs between substances of column 
I, one would expect that hypoxanthine would reduce fumarate, 
provided that both enzymes were present, xanthine oxidase to 
oxidise the donator, hypoxanthine, and succinic dehydrogenase 
to activate the acceptor, fumarate. Actually in these circumstances 
no reaction occurs until one of the redox dyes, say cresyl violet, 
is added ; fumarate is then reduced to succinate by hypoxanthine, 
but no reaction occurs between succinic acid and xanthine; in 
fact, the hypoxanthine reduces the cresyl violet, which in turn 
reduces the fumarate. 
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: ‘ xanthine d Lviolet 

Hypoxanthine + cresyl violet —a7i5e 7 reduced cresyl vio 

< ’ cates + xanthine 





. succinic : 
Fumarate + reduced cresyl violet Sided succinate ++ ae 


In order for the carrier to operate efficiently its Eo’ should lie 
between those of the principal reactants. 


Intracellular anaerobic oxidoreductions 

When cell suspensions are used, oxidoreductions, such as that 
described in the preceding paragraph, can be shown to occur 
without the addition of a carrier ; for example, molecular hydrogen 
reduces both fumarate and nitrate in presence of Bact. coli. If 
instead of bacterial cells the isolated dehydrogenase systems are 
used it is found that the components of the systems then fail to 
interact ;! if, however, an indicator, which need be present only 
in traces, be added to the system the component of the most posi- 
tive system is reduced. This is clearly seen from ‘Table 5. 


TABLE 52 
Negative system Positive system 
Enzyme Substrate Indicator Enzyme Substrate 
Formic dehydro- Formate Benzyl Nitratase Nitrate 
genase (Bact. coli) viologen 
Lactic dehydro- _ Lactate Ethyl Capri Nitratase Nitrate 
genase (Bact. coli) blue (Bact. coli) 
Xanthine oxidase Hypoxanthine Methyl Succinoxidase Fumarate 
(milk) viologen (heart 
muscle) 
Hexosemonophos- Hexosemono- Ethyl Capri Succinoxidase Fumarate 
phate dehydrogenase phosphate blue (heart 
(yeast) muscle) 
Glucose dehydro- Glucose Ethyl Capri Succinoxidase Fumarate 
genase (liver) blue (heart 
‘ ; muscle) 
Bien oxidase Hypoxanthine Eis Capri Succinoxidase Fumarate 
¢ ue (liver) 
tapehgy ce Lactate Sone: Capri Succinoxidase Fumarate 
S : ue (liver) 
ai oxidase Hypoxanthine Methyl Lactic de- Pyruvate 
viologen hydrogenase 


(Bact. coli) 


If now such systems interact in the cell one must postulate 


some carrier playing th cays : 
ae playing the part of the indicator ; coenzyme I plays 


Thus 
@-hydroxybutyrate +- -hydroxybutyric-dehydrogenase + pyru- 
* Green, Stickland & Tarr, 1934. * Ibid., Biochem. F., 28, 1815. 


* Dewan & Green, 1937. 


RESPIRATION 43 


vate + lactic dehydrogenase give no reaction, but in the presence 
of coenzyme I and diaphorase the following occurs : 
I B-hydroxybutyric 
dehydrogenase 
acetoacetate + reduced coenzyme I 


8-hydroxybutyrate + coenzyme 


Reduced coenzyme I + pyruvate —> coenzyme I 


+ lactate 


Similarly the malic dehydrogenase extracted from Bact. coli re- 
quires the addition of coenzyme I (and diaphorase) in order to 
oxidise /-malate to oxaloacetate.! 

_ The electrode po- 
tential measurements 
are frequently used to 
measure the reducing 300 
level of culture media. 

It is not now claimed 200 
that this gives a meas- 

ure of the reduction 


tic 
dehydrogenase 


400 





Glucose added 


potential of the organ- 4 10° 
ism since this obvi- § 
ously hasno meaning, S 
nor that it measures & 
the reducing level of -:S 
the cell surface, for no g Shoe 


systems functioning 
there can affect the -200 
electrode. When 
steady readings are in 


formate added. 


fact given by the ~~” 

electrode this can be 

shown to be due to -400 oh 
substances liberated 2 : 2 . 


| : Time in hours 
from the medium by Fic. 82 


the action of the cells. 
Thus it has been shown that electrodes plunged in anaerobic 
bacterial suspensions in M/2o buffer at pH 7-0 undergo a slow 
fall; this level is unaltered by the addition of succinate, but 
formate or glucose causes a rapid drop (Fig. 8). The result is 
approximately the same if formate is added in place of glucose 
and vice versa. 

This final level was approximately the same when the electrodes 
were protected from contact with the bacteria by a collodion sac, 


1 Gale & Stephenson, 1939. * Yudkin, Biochem. F., 29, 1132, 1935. 
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showing that the potential level is not due to reactions occurring on 
the bacterial surface but to diffusible substances liberated by 
bacterial action.* wren 
The fact that certain growth phenomena, e.g. the germination 
of the spores of Cl. tetanum,* can occur only in conditions which 
give certain potential readings with the electrode shows that the 
presence of substances associated with (not necessarily causing) 
these readings conditions the growth phenomena in question. 


Oxidoreductions 

It has been shown earlier that oxidations in which O, is finally 
involved proceed by a series of dehydrogenations in which 2H is 
successively transported from one molecule to another. At each 
of these stages energy is liberated and can be used by the cell for 
synthetic purposes. Thus anaerobes and facultative anaerobes 
living anaerobically use, in many cases, the same oxidative mechan- 
isms as aerobes with the exception of those concerned directly 
with the final transfer of 2H to Og, viz. the cytochromes and cyto- 
chrome oxidase, peroxidase, and the direct oxidative enzymes. 

Chief among the substances providing energy for anaerobic life 
are the carbohydrates and it must be noted that all types of fer- 
mentation are exergonic. For this reason sugars will often supply 
the sole source of carbon and energy for the life of fermenting 
organisms ; even where a fermenting anaerobe can grow on a 
carbohydrate-free medium such as peptone the addition of glucose 
greatly increases the growth. The anaerobic breakdown of carbo- 
hydrates involves a complicated series of interactions including 
oxidoreductions, dismutations, phosphorylations and special carry- 
ing mechanisms. This subject is so large that it is treated in a 
separate chapter for convenience rather than from any logical 
demarcation of the subject. 

When oxidoreductions occur between two similar molecules the 
reaction is known as a dismutation. Thus: 


2CH,;.CHO + H,O +C,H,OH + CH,. COOH 
Actually coenzyme I participates in this reaction which is more 
precisely written thus: 


Aldehyde + CoEIox — acetate + CoEIrea 
CoEIrea + aldehyde — alcohol + CoEIox 


Sig hla may involve the rupture of one of the reacting mole- 
cules Dy some non-oxidative process such as hydrolysis ; the dis- 


mutation of pyruvic aci ; 
seuinple st Nek 1¢ acid by the gonococcus (N. gonorrhea) is an 


: : 
Yudkin, 1935. * Fildes, 1929. 
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2CH,.CO.COOH + H,O “2! __. CH, .CHOH. COOH 
Co-carboxylase + CH, COOH + co, 


The oxidation of a substrate to its final end products often involves 
he production of intermediate products by non-oxidative enzymes 
uch as deaminases, hydrolytic enzymes and carboxylases. The 
»xidative breakdown of fumaric acid illustrates this. 


2COOH .CH = CH.COOH + 2H,0 
fumarase 


7 2COOH . CH,. CHOH . COOH 


CoE | malic 
I | dehydrogenase 


2COOH .CO.CH,. COOH 


oxaloacetic 
Co-carboxylase | decarboxylase 


2CH,.CO.COOH + 2Co, 
Co-carboxylase | dismutase 


. CH,.CHOH .COOH + CH;.COOH + CO, 


Violecules which cannot undergo further anaerobic decomposition 
yecome the end products of anaerobic metabolism ; such in the 
ase of Esch. coli and most members of that group are succinate, 
scetate and lactate. With propionibacteria, on the other hand, 
actate can undergo a further dismutation: 


.CH, .CHOH. COOH = 2CH,. CH, . COOH + CH, . COOH 
| BOO. Lett O 


Anaerobic mechanisms for obtaining energy 

The majority of bacteria are either facultative or obligatory 
mnaerobes and the main problem confronting these organisms is 
hat of obtaining energy for cell synthesis without employing 
nolecular oxygen. It is important to notice that the amount of 
mergy available as a result of oxidoreductions is less than when 
mygen is the hydrogen acceptor. In many cases the AF of the 
‘eaction is not known but the AH indicates that this is the case. 
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OH.COOH + 40 
hace CH, .CO. COOH + H,O + 51-9 K. cals. 
_CHOH. COOH + KNO, 
ee ee CH,.CO.COOH + H,0 + KNO; BEA K. cals. 
_CH,. CHOH. COOH + COOH.CH: CH. 
3 Oi. CO. COOH +COOH . CH,. CH,. COOH +16 K. cals. 


Respiratory mechanisms of the C lostridia 


This group of strict anaerobes is characterised by (1) its low 
tolerance for oxygen ; (2) the formation of spores ; (3) the absence 
(in all the members tested) of all mechanisms connected with 
molecular oxygen, viz. cytochrome and cytochrome oxidase ; 
peroxidase and catalase; (4) its elaborate food requirements. 
Those members of the group which are vigorous fermenters doubt- 
less rely on this as a source of energy, but those which develop on 
protein or protein digests alone require special examination. It 
might be supposed that since many facultative anaerobes also 
develop anaerobically on protein digests, no special mechanism in 
the case of the Clostridia need be sought for ; special examination, 
however, shows that this is not the case. Suspensions of Cl. 
sporogenes, for example, do not possess a number of dehydrogenases 
characteristic of Esch. coli and facultative anaerobes in general, but 
vigorously dehydrogenate certain amino-acids. Furthermore the 
principal substances known to act as hydrogen acceptors with 
facultative anaerobes are inactive with this organism. Several 
amino-acids are, however, vigorous hydrogen donators, whilst 
others can be shown to act as acceptors (see Tables 6 and 7). 


TABLE 61 
SuBSTANCES ACTING AS HyDROGEN Donators witu Cl. sporogenes 
Velocity of oxidation of alanine = 100 


Rate of Rate of 
Substrate oxidation Substrate 


oxidation 


Sodium formate . 
acetate 
propionate 
lactate 
succinate 
pyruvate. 


l-Aspartic acid 
l-Glutamic acid 
l-Arginine . 
l-Lysine 
l-Histidine . 
l-Proline : 
l-Hydroxyproline 
dl-Serine 2 
l-Tyrosine . 
l-Tryptophan 
l-Leucine 


Glucose 
Glycine 
l-Alanine 
d-Alanine . 
1-Valine 
l-Phenylalanine 


Lond 
a a 
050800000000 





' Stickland, Biochem. ., 28, 1748. 
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TABLE 7! 
SupstTances ActinGc as HyproGEN AccEpTors WITH Cl. sporogenes 


Substance Indicator Reoxidation 


Sodium nitrate . 


F Neutral red’ 
l-Histidine . . Benzyl! viologen 
l-Tyrosine . ; a se 


ceo0o0o0o0o000 


1-Proline - “ 
Neutral red 
Rosinduline 
Phenosafranine 
A ; ; Ethyl Capri blue 
l-Hydroxyproline Benzyl viologen 
: a Neutral red 
Glycine... Methy! viologen 
£ : Benzyl viologen 
| - . Phenosafranine 


aka st 
+++ 444+ 





vhen a suspension of the organism acts on a donator and acceptor 
multaneously double decomposition occurs, involving deamina- 
on and oxidation of the donator and reduction and deamination 
fthe acceptor. Quantitative estimation of the products resulting 
om these reactions shows that they occur as follows : 
HH, .CHNH,.COOH + 2H,O = 4H + CH,;. COOH + NH; 
+ CO, 
eduction of proline? 


~«C-—_CH, 
1k Jers. cooeatt-cHNH,.CH.CHy-CH, COOH 


NH 
‘ence oxidation of alanine by proline: 
CH,.CHNH,. COOH + 2H,O + gs 





2 
HCY Ce COOL 
NH 
= CH,. COOH + NH, + CO, + 2CH,NH,. (CH); . COOH 
rnithine when acting as hydrogen acceptor is deaminated and 
duced, forming 5-aminovaleric acid; glycine gives ammonia 
id acetic acid; the products resulting from the oxidation of 


1 Stickland, Biochem. J., 28, 1752. 2 Ibid. 1934, 1935 (1), (2). 
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cysteine and the reduction of arginine are at present uncertain. 
The energy available from this series of oxidoreductions is difficult 
to compute ; the fact that the reactions occur at a rate comparable 
with that of aerobic oxidations (Qo, alanine + proline = 50) 
makes it probable that these reactions represent the respiratory 
mechanisms of the cell.} * us 

The peculiar reaction between organisms of the Clostridia and 
atmospheric oxygen is still rather obscure. The discovery of a 
class of microbes unable to develop in the presence of free oxygen 
was made by Pasteur,* who recognised this peculiar property in 
the butyric fermenter (C/. butyricum), “ étres qui vivent sans gaz 
oxygeéne et que l’air fait périr.”” This unique reaction to oxygen 
differentiates this class of organisms not only from all other bac- 
teria but from all other living forms. The problem of how organ- 
isms possessing this intolerance for oxygen can find natural condi- 
tions in which to develop at once presented itself to Pasteur, who 
rightly assigned to the aerobes, with which anaerobes are con- 
stantly associated in nature, the role of rendering their natural 
habitat anaerobic. This opinion was fully accepted, and led to 
the widespread adoption of a system of cultivating anaerobes 
“aerobically ” in mixed culture with aerobes.* 5 ®& 7 Subsequently 
certain investigators came to doubt the sufficiency of a simple 
respiratory function to account for the action of the associated 
aerobes, mainly in view of the fact that even on the surface of an 
agar slant anaerobes are able to develop if aerobes are also present. 
Kedrowski,® for example, postulated the existence of an enzyme 
secreted by aerobes which enables anaerobes to develop aero- 
bically. ‘This view was temporarily confirmed by the observation 
that even after chloroform treatment aerobes retain the power to 
enable anaerobes to grow “ aerobically.”’® Novy,1° however, finally 
disposed of this theory by showing that aerobes can bring about 
the growth of anaerobes even when grown apart from them in a 
separate limb of a closed H tube. In such circumstances the aerobe 
develops first, completely removing the oxygen from the air space 
and hence from the culture media; the development of the 
anaerobe in the other limb of the H tube then follows. Not only 
aerobes can function in this way, but also actively respiring tissue 
such as fresh sterile potato, etc., and, indeed, it is to such anaero- 
biosis that the development of tetanus and other anaerobic infec- 
tions in deep wounds is largely due. 

The sensitivity of the Clostridia to oxygen still awaits satisfac- 
tory explanation. The view has been advanced that, in the absence 


1 Stickland, 1934. * Woods, 1936 (2). 3 Pasteur, 1861 (2), 186 
‘Ibid. “5 Roux, 1887, 8 Penzo, 1891. 7 Nowe fon 
8 Kedrowski, 1895. ® Ibid 


: 10 Novy, 1925. 


RESPIRATION 49 


of catalase, aerobic oxidation occurs, producing sufficient H,O, to 
retard development and even to kill vegetative forms. There se 
however, objections to this view. Prolonged aeration on media 
containing material oxidisable by these organisms fails to produce 
H,O, in demonstrable amounts! 2 and added catalase does not 
result in aerobic growth ; furthermore, washed suspensions of C/. 
Sporogenes aerated in presence of broth or oxidisable substrate fail 


_ to take up oxygen. In all these respects the Clostridia differ from 


facultative anaerobes which have no catalase and whose aerobic 
development is retarded by H,O,. On the other hand, M‘Leod 
and Gordon have obtained indirect evidence of peroxide produc- 
tion by the use of deep tubes of agar containing heated blood 
(“ chocolate agar”). Ata level of a few millimetres from the sur- 
face where the penetrating oxygen met the bacterial growth a green 
band was formed attributed to the oxidising effect of H,O, on 
hemoglobin. It is possible that H,O, may arise from secondary 
chemical processes occurring in the medium apart from any direct 
process of oxidation connected with the cell. For instance, as a 
result of the action of some anaerobes on broth —SH compounds 
are produced which may, on contact with oxygen, give H,O,. 
More detailed work by Hart and Anderson has, however, shown 
that the green coloration produced in “ chocolate’ agar can be 
reproduced anaerobically by the action of reducing systems on 
laked blood and also from oxy-, meth- and carboxyhemoglobin. 
The process appears to involve a reduction of oxyhemoglobin to 
reduced hemoglobin followed by an oxidation. Reducing sys- 
tems producing the pigment include ascorbic acid, cysteine, bac- 
terial suspensions with hydrogen donators; the identity of the 
green pigment is uncertain but it resembles “ green hzmin.” 
Thus there seems no reason to regard the green zone produced by 
anaerobes in “ chocolate” agar as due to hydrogen peroxide. 
The oxidoreductions so far considered have involved two organic 


substrates. Bacteria are, however, able to use their dehydrogenase 


systems to reduce certain inorganic molecules as hydrogen accep- 
tors; this involves the activation of the acceptor in each case by 


a special enzyme. 


The reduction of nitrate 
The reduction of NO,’ to NO,’ has long been used as a diag- 
nostic test for certain groups of bacteria. The 2H is transferred 
to the NO,’ by the dehydrogenases and the appropriate coenzyme, 
the reaction requiring in addition the enzyme nitratase. This 
enzyme has so far only been studied in the intracellular state.‘ 
1 Callow, 1923. * M‘Leod & Gordon, 1925. 
% Hart & Anderson, 1933 (1), (2). 4 Stickland, 1931. 
E 


50 RESPIRATION 


Using lactate as the hydrogen donator the system consists of lac- 
tate, lactic dehydrogenase, coenzyme I, nitrate and nitratase. In 
order to annul the effect of other enzymes which might interfere, 
toluene-treated cells are used. Oxidation by nitrate occurs at about 
one-tenth the rate of oxidation by O,. Both systems are inhibited 
by cyanide, 50% inhibition of nitratase occurring at o-‘ooo1 M 
and that of the oxygen system at o-oo1 M cyanide respectively. 
CO causes no inhibition. The system is not reversible. For cells 
possessing nitratase, therefore, NO,’ can replace O, quantitatively, 
but it is less efficient for several reasons: (1) the optimal rate of 
oxidation is less; (2) the energy delivered per mol. of substrate 
oxidised is lower (see p. 46) and the nitrite formed has a bacterio- 
static action when a concentration of about 0-003 M is reached. 

Many organisms reducing nitrate can, under appropriate condi- 
tions, reduce the NO,’ formed to NH;, with hydroxylamine as an 
intermediate product. With organisms possessing hydrogenase 
this can be shown manometrically ;1 it was first demonstrated 
for Cl. welchii but many strains of Esch. coli have been used, and 
the following reactions shown to occur : 


HNO, +H, =HNOQ;H,O" eee 
HNO,+4H,=NH,+3H,O . . (2) 
HNO, Le 3H, = NH; a 2H,O . . (3) 


The intermediate formation of hydroxylamine is strongly suggested 
by the above reactions and hydroxylamine itself can be reduced 
to NH, 

NH,OH + H, = NH; + H,O ' 


though it has not so far been isolated as an intermediate. A 
qualitative test for it has, however, been obtained on the comple- 
tion of nitrite reduction by several species.2 The relative rates of 
reactions (1) to (4) vary with different strains ; usually reaction (1) 
is the fastest, which accounts for the accumulation of nitrite. It 
should be noted, however, in applying nitrate reduction as a 
diagnostic test that, given appropriate conditions and a sufficient 
pastes time, nitrate may be reduced without any accumulation 
of nitrite. 


The reduction of sulphate 


Whilst the reduction of nitrate is brought about by many facul- 
tative anaerobes, the reduction of sulphate is much less common 
It was first shown by Beijerinck* that the hydrogen sulphide ro- 
duced in mud arises anaerobically by the reduction of iene : 
van Delden‘ first obtained pure cultures of the organisms con- 


1 Woods, 1938. 2 Lindsey & Rhin 
$ Beijerinck, 1895. pe Delian ae 1932. 
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cerned (V. desulphuricans and V. estuarii) in a medium in which 
sulphate was reduced to sulphide anaerobically at the expense of 
lactate and malate, the energy for development being derived from 
the reduction of the sulphate; Elion! isolated a thermophilic 
organism of the same type. All these organisms are strictly 
anaerobic. They form spores in natural conditions but not on 
laboratory media, except when cultivated at 45° or over.? They 
may be isolated by the delightful method of van Delden, which 
consists in inoculating soil or river mud into ordinary media con- 
taining 0-5°% sodium sulphate, incubating anaerobically and then 
plating on broth agar containing sulphate and iron salts (0-005 %, 
potassium iron sulphate) ; after anaerobic incubation the colonies 
responsible for production of sulphide are distinguished by being 
jet black owing to the precipitation of iron sulphide. All members 
of this group can be grown anaerobically on an inorganic medium 
consisting of lactate or glucose and sulphate. Baars* has made an 
exhaustive study of the group and has shown that the sulphate 
reduced is quantitatively equivalent to the carbon compound oxi- 
dised, and that the species differ only in the carbon compounds 
which they are able to oxidise. 

A member of the group isolated from river mud?‘ is able to 
reduce sulphate by molecular hydrogen owing to its possessing 
hydrogenase. By using washed suspensions it was shown that the 
hydrogen absorbed was equivalent to the sulphate reduced and 
the hydrogen sulphide formed. 

In addition to sulphate other sulphur compounds are reduced 
by these organisms, viz. sulphite, hyposulphite, thiosulphate and 
also sulphur.°® 

Sulphate reducers occasionally give rise to extensive corrosion of 
gas mains. The necessary conditions are anaerobiosis, a clay soil 
supplying sulphate and sufficient organic matter to provide hydro- 
gen donators for the sulphate reduction ; the H,S liberated in this 
way has been shown experimentally to cause extensive corrosion 
of steel® 7 under laboratory conditions. 


The reduction of tetrathionate 

The inclusion of tetrathionate in laboratory media is used to 
favour the growth of organisms of the Salmonella group. Favour- 
able response to growth on such media has been found to be due 
to the presence of an enzyme reducing tetrathionate to thiosulphate 
and involves the use of some substance acting as a hydrogen 


donator.* * 


1 Elion, 1924. 2 Starkey, 1938. 3 Baars, 1930. 
4 Stephenson & Stickland, 1931 (2). 5 Baars, 1930. 
6 Bunker, 1939. 7 Starkey & Wight, 1945. 
® Knox, Gell & Pollock, 1943. 9 Pollock & Knox, 1943. 
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Na.o1Qe + 2H —, Na,9203 + Hasave 
The adaptive nature of this enzyme (tetrathionase) will be dis- 
cussed in a later chapter. 


The reduction of selenite and phosphate 


Selenites are easily reduced by bacteria, both aerobes and facul- 
tative and strict anaerobes (the latter only tolerating low concen- 
trations of the salt). The selenite is reduced to metallic selenium, 
seen on solid media as a red streak along the line of growth ;} 2 
microscopically the solid particles of selenium can be seen de- 
posited inside the cell. It does not appear that this reduction 
operates usefully in the cell economy, since such aerobic organisms 
as Bac. subtilis and Chr. prodigiosum are not enabled to develop 
anaerobically by its means. Selenic acid is reduced in the same 
way as selenious acid,* and tellurites behave like selenites, tellu- 
rium being deposited inside the cell. The concentrations of sele- 
nite best adapted for showing this reduction are 1 part in 100,000 
of selenious acid for strict anaerobes and 1 part in 25,000 to 1 in 
50,000 for aerobes and facultative anaerobes. 

The bacterial reduction of phosphate to phosphine has been 
reported to occur in a number of putrefactions of protein material.4 
Rudakov® reported the isolation of an organism able to reduce 
phosphate successively to phosphite, hypophosphite and phos- 
phine. 


The reduction of carbon dioxide and the production of methane 


The production of methane was early associated with the decom- 
position of cellulose in mud® 7 and in the intestine of the ox. Ome- 
liansky® in particular carried out a fermentation of cellulose by a 
Clostridium believed to be in pure culture in which methane and 
various fatty acids were obtained. 

It is now fairly clear that the association of methane production 
with cellulose fermentation is fortuitous and due to the fact that 
these processes both occur in the alimentary tract of the ruminant 
where anaerobic conditions and large quantities of lower fatty 
acids occur. The origin of methane was first clearly indicated by 
the important work of Sohngen,!° who showed that the calcium 
salts of various fatty acids could be quantitatively decomposed to 
carbon dioxide and methane. Sohngen was unable to obtain pure 
cultures of his organisms, but carried out his fermentations with 

1 Klett, 1900. *¢ a i 

4 Barren & Becki Widener eH 5 Ra ee 


® Popoff, 1875. ? Hoppe-Seyler, 1886. 8 Tappenhei 
9 Omeliansky, 1902, 1904 (1), (2). 10 Sohne: taraan 1884. 
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enrichment cultures obtained by repeated inoculations into media 
in which the fatty acid in question was the sole source of carbon ; 
the difficulty of obtaining pure cultures has been experienced by 
most subsequent workers in the field.1_ Sohngen’s most illuminat- 


ing discovery was that cultures decomposing formate according to 
the equation 


4H . COOH + CH, + 3CO, + 2H,O 
also synthesised methane from carbon dioxide and hydrogen : 
CO, + 4H, > CH, + 2H,O 


Following Sohngen’s observation methane was obtained by the 
strictly anaerobic fermentation of many organic compounds, e.g. 
methyl, ethyl and butyl alcohols, fatty acids and compounds 
derived from sewage, all done in impure cultures, and hence, to 
quote Barker, “there is no certainty that methane arises by a 
direct conversion of all these organic substrates.” | 

Kluyver in 1936 drew attention to the role of methane as the final 
and most reduced stage of oxidoreduction and pointed in the 
direction in which lay the solution of the problem. 

In recent years the nature of methane production has been 
elucidated by the researches of Barker. This worker was the first to 
succeed in isolating methane bacteria in pure culture. This he did 
by enrichment cultures, using a very simple medium, II. I, con- 
taining 1-2°% of some organic compound ; in the case of organic 
acids the Ca salt was used and in other cases CaCO, was added. 
This provides the CO, which acts as the acceptor for 2H. The 
difficulty of isolating methane organisms is due to the fact that 
they are all strict anaerobes which do not generally form spores ; 
in the final stages of the isolation the organisms are protected 
from O, by the incorporation of Na,S in the medium. These 
organisms are slow growers, which is doubtless connected with the 
fact that they depend for their development on oxidoreductions 
where CO, is the acceptor, delivering very little energy. 

The technique for the isolation of these organisms has been 
fully worked out by Barker® * and is a logical application of the 
biological and biochemical characteristics of the species. Barker 
has isolated organisms which during their development bring 
about the following reactions which can all be expressed by the 
general equation 

4H,A + CO, = 4A + CH, + 2H,O 
where H,A represents any compound for which the organism 
possesses a dehydrogenase. 


1 Barker, 1936 (2). ? Ibid. 3 [bid., 1940. 
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4H, + CO, = CH, + 2H,0 Mb. Sohngenti, Methanosarcina, 
Mb. Omelianski 
2C,H;,OH + CO, = CH, + 2CH,COOH 
2C,H,OH + CO, = 2C,H,COOH +'CH, 
4CH,CHOH . CH; + CO, = 4CH;.CO.CHs; + CH, 
+ 2H,O14 2 


The rate of CO, absorption in reaction 1 depends on CO, con- 
centration and attains half maximal rate at 7 x 10-> M. When 
the partial pressure of CO, is kept constant the rate is nearly 
independent of pH over the range 5-8—7-4, whilst the rate declines 
with increasing pH over the range 6-4-8-6 in which CO, tension 
decreases and bicarbonate tension increases. Hence it appears 
that CO, is the substance reduced and not the HCO’; ion.# 

The use of radioactive C has provided valuable information as 
to the origin of the C used by Mb. Omelianski in cell synthesis.* 
Washed cell suspensions were incubated with radioactive CO, and 
ethanol. At the end of the incubation period carbonate prepared 
by the combustion of (1) the cells, (2) the CH,, (3) the acetic acid 
was examined for radioactivity ; this was found in (1) and (2) 
but not in (3), showing that CO, is reduced to CH, and cell 
material, the latter forming about 1-5% of the total C reduced. 
A similar result was obtained with Methanosarcina. ‘This is impor- 
tant as indicating that the organism uses CO, for synthesis of cell 
material. 

A case previously studied® is a less clearcut example of simple 
CO, reduction. An organism derived in pure culture from river 
mud contained hydrogenase and was found to reduce by this 
means a series of 1-carbon compounds to CH,. No compounds 
with more than one carbon atom were attacked. The following 
six reactions were brought about quantitatively by washed sus- 
pensions of the organism: 


(1) 4H . COOH — CH, + 3CO, + 2H,O 

(2) CO, + 4H, > CH, + 2H,O 

(3) H. COOH + 3H, > CH, + 2H,O 

(4) CO + 3H, > CH, + H,O 

(5) H. CHO + 2H, > CH, + H,O 

(6) CH,.OH + H, > CH, + H,O 
(1), (2) and (3) proceed quickly, (4), (5) and (6) comparatively 
slowly, and evidence was obtained that formic acid was first de- 
composed by formic hydrogenlyase 


H. COOH >H, + CO, 


1 Barker, 1936 (1), (2). 2 Ibid., 1941. 3 Ibid, 1 
* Barker, Ruben & Kamen, 1940. 5 Stephenson & Stickland, 1933 aie 
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and CH, then synthesised by reaction (2). With regard to (5) 
and (6) a preliminary reduction to H. COOH may occur, giving 
CH, by reactions (1) and (2). 

With regard to reaction 4 Schnellen! has shown that two pure 
cultures of methane organisms, Ms. Barkerii and Mb. formicum 
convert CO into CH, in the absence of H, as well as in its presence. 
In the absence of H,, CO reacts with water 


4CO + 4H,O > 4CO, + 4H, 
the CO, and H, subsequently reacting according to reaction 2. 


The reduction of CO, to acetic acid 

Analogous to the reduction of CO, to CH, is its reduction to 
acetic acid. This was first explored by Wieringa,? who isolated 
from canal mud a Clostridium which reduced CO, to acetic by 
molecular hydrogen 


2CO, + 4H, = CH,COOH + 2H,0 


offering an exact analogy to the Sohngen reaction. This same 
reduction process, using different hydrogen donators, has now 
turned up in several groups. One suitably considered here is an 
interesting group of Clostridia isolated from the soil, dependent on 
uric acid or its reduction products, xanthine, hypoxanthine and 
guanine for its energy and growth requirements. The specificity 
of this organism (Cl. acidi-urict) is very high, no other compounds 
among a large number tested being attacked, with the exception of 
glycine, which is reduced to acetic acid in the presence of uric 
acid. The four purines mentioned all serve as energy source and 
supply the growth requirements of the organism in strictly 
anaerobic conditions, acetic acid and CO, being the only products 
formed ; the decomposition occurs in accordance with the follow- 
ing equations: 

C,H,N,0,; + 5:5H,O = 0-75CH; . COOH + 4NH;, + 3°5CO, 

(uric acid) 

C,H,N,0, + 6H,O = CH,COOH + 4NH; + 3CO, 

(xanthine) 

C,H,N,O + 6-5H,O = 1:25CH;COOH + 4NH;, + 2°5CO, 

(hypoxanthine) 
When uric acid was attacked by this organism in the presence of 
radioactive CO, the C* was found in both C atoms of the acetic 
acid. ‘This constitutes strong evidence that CO, is reduced to 
acetic in the course of the fermentation of the purines, the CO, 
finally appearing as end product in the above equations, being in 
excess of that required to act as hydrogen acceptor.®, * ‘This 


1 Schnellen, 1947. 2 Wieringa, 1936. 
% Barker & Beck, 1941 (1), (2). 2 Barker, Ruben & Beck, 1940. 
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mechanism explains the fermentation of 1 mol. glucose to 2 mols. 
of acetic acid by Cl. thermoaceticum.! As Barker* suggested this 
fermentation is an oxido-reduction in which the CO, formed oxi- 
dises the intermediary products to acetic acid 
CsH,,0., + 2H,O = 2CH,COOH + 2CO, + 3H 
2CO, + 8H = CH,;COOH + 2H,O0 

This view was confirmed by the use of C14 added in the form of 
NaHCO, to the culture medium ;? the C14 was found in both 
the methyl and carboxyl groups of the acetic acid and in the cells. 
Here the hexose is completely oxidised, CO, acting as the oxi- 
dising agent in a manner analogous to O, in aerobic oxidation. 
When pyruvic acid is the substrate the excess CO, accumulates* 


4CH,.CO.COOH + 2H,O = 5sCH,COOH + 2CO, 


Allied to the anaerobic decomposition of the purines is that of 
allantoin by Str. allantoicus.* (Table 8.) This organism, besides 
fermenting a wide range of sugars, also brings about a rapid 
anaerobic decomposition of allantoin and appears to derive from 
this reaction the energy for growth as the other organic constituents 
of the medium (biotin and difco yeast extract) are present only in 
small amounts. 








TABLE 8° 
FERMENTATION OF ALLANTOIN 
$4 
mM/100 mM allantoin 

Products fermented 
Ammonia ; : 2260 
Urea : ‘ E 62°3 
Oxamic acid . ; 44'8 
CO, . : : 168-0 
Formic acid. . 9°4 
Acetic acid : : 14°8 
Glycollic acid . ; 13'8 
Lactic acid 3 : I°5 
Cell carbon : : nee r 
Nitrogen recovery. 99°5% 
Carbon recovery : 101:'2% 





The steps by which this fermentation occurs are not clear. 
Allantoin is probably first hydrolysed to urea and glyoxylic acid, 
the latter giving rise to oxalic acid (appearing as its amide, oxamic 
acid) by oxidation and glycollic acid by reduction. 


; Fontaine et al., 1941. 2 Barker, 1944. ° Barker & Kamen, 1945. 
Barker, 1943 (2). ®° Barker, H. A., ¥. Bact., 46, 257, 1943. 


CHAPTER III 
POLYSACCHARIDES 


POLYSACCHARIDES form the most important structural material of 
plants. Among bacteria they appear as capsules, as extracellular 
gums and, less often, as part of the internal cellular structure. In 
the form of capsules they are important to the cell as protection 
against invasive organisms. They may also function as reserve 
food material. ‘To man they are of interest as conferring specificity 
on the bacterial antigens. They are evidently not essential 
to the life of the cell, as loss of ability to form capsules is a 
frequently occurring form of mutation and becomes apparent in 
the change of the smooth or mucoid colony to the rough or 
granular type. 

Polysaccharides occur through the condensation of small mole- 
cules of the hexose type to form relatively insoluble hydrophilic 
gels composed of chains or networks of their constituent units. On 
hydrolysis the large molecules break down into their constituents ; 
those most frequently found in bacterial polysaccharides are 
d-glucose, d-fructose, d-mannose, d-galactose, d-glucuronic acid, 
d-galacturonic acid, d-glucosamine and N-acetyl d-glucosamine. 


Bacterial cellulose 

Cellulose is comparatively rare among bacteria but was early 
recognised as a component of the acetobacter A. xylinum where it 
forms a slimy envelope.! More recently it has been isolated from 
this organism in a state of purity and shown both by chemical 
analysis and X-ray diffraction pattern to be identical with cotton 
cellulose ;? *, 45° it has been found suitable for the production of 
osmometer membranes.’ ‘The formation of cellulose depends on 
the presence of sugar or glycerol in the medium and is much in- 
creased by the addition of 0-5% ethanol, though it is not clear 
whether the latter acts by increasing growth or whether it has a 
specific action on cellulose production.* Fructose is the preferred 
source of carbohydrate for cellulose production, though the 


1 Brown, 1886, 1887. 2 Tarr & Hibbert, 1931. 
* Hibbert & Barsha, 1931. - 4 Khouvine et al., 1933. 
5 Barsha & Hibbert, 1934. 6 Aschner & Hestrin, 1946. 
7 Masson et al., 1946. 8 Tarr & Hibbert, 1931. 
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chemical nature of the cellulose is identical irrespective of the 
source of carbohydrate. * 








HO: tse CH,OH 
Ry 
a — Glucopyranose ——>  £-Cellobiose 
CH,0OH CH,OH CH,OH CH,OH 
OH a OCH OH 
3 OH H 
H OH H OH 
2 & —- Glucopyranose ——__———_—> a —- Maltose 


Dextrans and levans 


Dextrans and levans are gums which on hydrolysis give glucose 
and fructose respectively. They were early noted by Pasteur, 
their production being termed by him “‘ viscous fermentation.” 
They occur as the result of infections in sugar factories, giving 
rise to waste and trouble in crystallisation. Both dextrans and 


—O——CH, H a ta 
H H OH 
H OH 
OH H 
OH H 


levans are produced from sucrose but not from invert sugar or 
monosaccharides. Among the many organisms producing this 
type of polysaccharide are the following : dextrans by Leuconostoc 
mesenteroides,® L, dextranicum,® Betabacterium vermiforme (Ward 
Meyer), * Phytomonas tumefaciens A- 6 (crown gall organism),° Beta- 
coccus arabinosaceus Orla Jensen ;* levans by Bac. mesentericus,? 
Bac. subtilis,* several soil Actinomycetes and unspecified organisms 


: Berea ae 1934. : Tarr & Hibbert, 1931. 
eat et al., 1939 Daker & Stacey, 1939. 
5 McIntire er al., 1942. 6 Hassid & Barker, 1940. 


7 Harrison et al., 1930. 8 Hibbert et al., 1931. 
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from milk,! B. polymyxa (migula) and Aer. levanicum,? Bac. my- 
coides, Ps. prunicola, Ps. mors prunorum, Ps. aptatum,® etc. The 
dextran formed by L. dextranicum and by Betabacterium vermiforme 
has been shown to consist of glucose units linked in the 1-6 posi- 
tion having a chain length of not more than 550 units.4,5 The 
levan obtained by the action of Bac. subtilis and Bac. mesentericus 
was shown to be composed of units of 2 : 6 fructofuranose probably 
united through (-linkage.* Levans based on the same unit are 
found in grasses ; the molecular size of these is smaller than that 
of bacterial levans.? The mode of production of levans and 
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dextrans has been recently found to be due to cell-free enzymes. 
In the case of three organisms the production of levan from sucrose 
has been shown to occur according to the equation®: ° 


sucrose —> levan ++ glucose 


In the case of Bac. subtilis the enzyme is adaptive and extra- 
cellular. When the organism is grown in a cellophane sack in 
peptone water with sucrose kept at a constant concentration of 
10%, the levan formed within the sack reaches 12°5°%. Onagar the 
levan is found at a distance from the colonies, not as a capsule, 
and washed cells in sucrose synthesise levan actively. The enzyme 
could not be obtained from a Seitz filtrate, possibly owing to ad- 
sorption, but was recovered in a cell-free state from agar. In the 
case of the two other organisms studied, Bac. polymyxa and Aer. 
levanicum, the enzyme is constitutive and endocellular and the 
levan appears as a capsule.!° In the case of the latter organism the 
products of the reaction are levan, fructose and glucose ; raffinose 
was broken down to levan, melibiose and fructose. 

An analogous production of dextran was obtained by the action 
of a cell-free enzyme from Leuconostoc mesenteroides on sucrose : 


sucrose — dextran ++ fructose 


In this case the intervention of a suggested phosphorylating phase 
was definitely disproved.1* The production of the levan and 


1 Veibel, 1933. 2 Hestrin et al., 1943. 8 Cooper & Preston, 1935. 
4 Peat et al., 1938. 5 Daker & Stacey, 1939. 6 Hibbert et al., 1931. 
7 —D. J. Bell, personal communication. 8 Doudoroff, 1943. 
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11 Hestrin & Alvineri-Shapiro, 1944. 12 Hehre, 1943, 1946. 
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dextran has again been shown to be linked with the breakdown 
of sucrose and does not occur on mixtures of glucose and 
fructose. 


Capsular polysaccharides 


The majority of, but not all, bacterial capsules are composed of 
some form of polysaccharide. They are of great importance 
immunologically, conferring type specificity on closely related 
organisms such as the various types of pneumococcus. Though 
not themselves antigenic they are precipitated by serum at high 
dilution (e.g. 2 x 10°) from an animal immunised with the homo- 
logous organisms, that is they act as haptens. ‘Thus an animal 
immunised with pneumococcus type I produces a serum precipi- 
tating the polysaccharide of type I but not of types II or III. 
On the other hand, if the animal is immunised with the proteins 
of type I instead of with the intact cell a serum is produced which 
reacts with the proteins of the homologous organism but not with 
the intact cell nor with the free polysaccharide ; moreover this 
serum is not specific, reacting equally well with proteins from 
other types of pneumococcus. Thus the proteins seem to be a 
necessary part of the antigen, whilst the polysaccharide confers the 
type specificity. Where the intact cells are used as antigen the 
serum reacts with free polysaccharide and is type specific; it 
does not, however, react with cell proteins. 

The importance of bacterial polysaccharides in conferring speci- 
ficity on bacterial antigens has greatly stimulated the study of their 
chemical composition. They are prepared from the culture 
medium by repeated precipitation with 50% ethanol, protein being 
eliminated at each step. Study of the thirty-two types of the 
pneumococcus shows that the structure of the capsular polysac- 
charide is probably the only difference between them. The poly- 
saccharides have now all been obtained in a highly purified state. 
Of these ten are N-free whilst five (I, IV, V, XII and XXV) have 
a significantly high content of nitrogen—about 5%. Acetyl 
groups are absent only in III and VIII. Nine types contain uronic 
acids and twenty contain amino-sugars. Types XXVIII and 
XXXII have a high phosphorus content—6-0 and 6:38% respec- 
tively—whilst eleven others have 3°% and over. 

_ The structure of the type III polysaccharide has been studied 
in detail. 300 1. of culture fluid gave 30-40 g. of a polysaccharide 
composed of 9°5 % of glucose together with a disaccharide, 4-8-glu- 
curonisido glucose or cellobiuronic acid. These units are linked 


1 Brown, 1939. 


POLYSACCHARIDES 61 


on position 3 of the glucuronic acid and position 4 of glucose, as 
shown.} 2, 3, 4 


H OH CH,OH H OH 
OH H 4H 0. OH H 
oO 
OH H 
H O H H 
COOH H OH COOH 


Glucuronic acid 1 : 4-glucose 1 : 3 glucuronic acid. 
Polysaccharide of pneumococcus type III 


The polysaccharides of V. cholere and related vibrios found in 
water show some interesting relations. In type I, which includes 
most organisms from cholera cases, the polysaccharide was hydro- 
lysed, giving galactose and an aldobionic acid consisting of galac- 
tose and glucuronic acid. In type II, which includes a few vibrios 
from cholera cases and also all the non-pathogenic water vibrios 
tried, the polysaccharide gave arabinose and an aldobionic acid 
consisting of galactose and glucuronic acid. ‘Type III was obtained 
as follows: a dissociant from a cholera vibrio of type I, known 
as Rangoon smooth, gave rise to a rough colony consisting of 
non-agglutinating organisms the polysaccharide of which was 
identical with that of the parent but only one-fifth in amount ; from 
this strain a second variant with a different colony formation was 
isolated called Rangoon rough II; this had the same amount of 
polysaccharide as the original parent but of a different composi- 
tion, giving only glucose on hydrolysis. ‘The same polysaccharide 
appeared also in a vibrio from a cholera case (Basrah II).° Subse- 
quent work has shown that all three polysaccharides exist in the 
cell in an acetylated form and contain nitrogen ;° the acetyl group 
is split off by the use of alkali in the extraction as in the case of 
pneumococcus I. 

Data on the chemical structure of bacterial polysaccharides are 
accumulating and it is impossible to give a comprehensive account 
of the subject here; the reader is referred to the reviews which 


appear frequently.’ 


Enzymic decomposition of polysaccharides 
Starch, cellulose, glycogen, chitin, animal and plant polysac- 
charides, as well as those of microbial origin, are all broken down 


; 2 Heidelberger & Kendall, 1932. 
1 Heidelberger & Goebel, 1926, 1927. ei ge 
* Hotchkiss & Goebel, 1937. * Reeves & Goebel, 1940. 
6 Linton & Mitra, 1934. 6 Heidelberger, Kendall & Scherp, 1936. 
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by some organism or another, usually by adaptive exocellular 
enzymes. The method of isolating organisms with the necessary 
enzymes for hydrolysing any given polysaccharide has been formu- 
lated by the classical work of Dubos. It rests on the fact that all 
naturally occurring organic compounds left in the soil ultimately 
disappear, though at very different rates. This is due to enzymes 
of microbial origin. It is, however, obvious that in the case of 
rarer compounds such as a type-specific polysaccharide, the power 
to bring about its decomposition is not likely to have much sur- 
vival value for the organism possessing it. In order to find such 
organisms amongst the mixed population of the soil it is therefore 
necessary to adjust conditions favouring their multiplication. This 
is done by inoculating a medium in which the pure compound in 
question forms the sole source of carbon with soils from selected 
localities. In time a culture is obtained in which an organism with 
the required enzyme predominates ; this is subsequently isolated 
by the usual methods. Such enzymes are generally adaptive and 
filterable. 


The breakdown of starch 


Starch and glycogen are polysaccharides consisting of chains 
of «-glucopyranose units united in the 1:4 positions. Starch is 
hydrolysed by amylases to smaller units and ultimately to the 
disaccharide maltose, which is further hydrolysed to glucose by 
maltase. Several amylases of plant origin exist which break down 
starch to shorter chains—dextrins—which differ in their reaction 
with iodine to give coloured products, and in their reducing 
properties.' Thus barley contains a 8-amylase which decomposes 
starch to maltose together with a residue of about twelve units 
giving a blue colour with iodine, and an «-amylase which gives 
dextrins with little or no reducing power forming no coloured 
compounds with iodine. Probably the amylases of bacteria belong 
to these as well as to other types. 

The breakdown of starch by Cl. acetobutylicum has been shown 
to be due to two enzymes, an amylase and a maltase. Both enzymes 
are obtained in the culture filtrate when the organism is grown 
on maizemeal. When grown on yeast autolysate with maltose, 
maltase only is formed ; neither enzyme is produced when sucrose 
or glucose replaces maltose. The amylase was concentrated by 
evaporation, dialysis, precipitation with (NH,),SO,, adsorption on 
to starch and elution with phosphate buffer at pH 5:8. This 
procedure removed 95% of the maltase. The enzyme thus puri- 
fied converts starch to maltose together with some reducing sub- 


1 Hanes, 1937. 
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stances, probably dextrins, not completely eliminated ; the maltase 
converts maltose quantitatively to glucose.! 

A special type of crystalline dextrin obtained by the action of 
Bac. macerans on starch was first described by Schardinger.? The 
dextrins thus obtained were of two types with differing crystalline 
form and solubilities. They gave crystalline compounds with 
iodine. The amylase concerned was subsequently obtained cell- 


free and purified by precipitation with acetone ;? the dextrins are 
non-reducing. 


The breakdown of cellulose 


Probably owing to the fact that its unbridged molecular chains 
are almost entirely free from hydroxyl groups as such, cellulose is 
more resistant to hydrolytic attack, whether enzymic or chemical, 
than is starch. Like the latter it is hydrolysed first to a disac- 
charide—cellobiose—and finally to glucose. The configuration of 
cellobiose and maltose respectively is shown in 1 and 2 below. 


OH CH,OH CH,OH CH,OH 
OH HH Q on H er. oH QF 
OH H H H H 
H OH H OH H OH 
H 0 H OH 0 OH 
CHH 1) H OH H OH (2) H_ OH 
B -cellobiose -maltose 


Cellulose consists of long chains of cellobiose units, the number 
which is uncertain. 

It is decomposed enzymatically by two enzymes, cellulase, which 
breaks it down to cellobiose, and cellobiase, which attacks cello- 
biose with production of glucose. 

The separate action of cellulase and cellobiase was first shown 
by Pringsheim in the bacterial decomposition of filter paper. 
Cellobiose was obtained by stopping the fermentation when glucose 
first appeared and was identified by the ozazone. Glucose was 
obtained by the addition of calcium nitrate after the fermentation 
had well started ; this arrested the further decomposition of the 
glucose whilst allowing its formation from cellobiose to proceed.‘ 
The same effect can be brought about by toluene.® As Pringsheim 
was probably working with a mixed culture it is possible that cellu- 
lase and cellobiase were in different organisms. ‘This doubt does 

1 Hockenhull & Herbert, 1945. 2 Schardinger, 1909. 


* Tilden & Hudson, 1939. 4 Pringsheim, 1912. 
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not, however, arise in the work of Simola’ who, using a pure culture 
of an aerobe, Cellulobacillus myxogenes, showed the formation of 
cellobiose and glucose. He grew the culture on a medium con- 
taining nutrient salts with Liebig’s meat extract and peptone, 
chalk and filter paper (Medium I). After 8 days growth at 37 

the paper and adhering organisms from 61. of medium were centri- 
fuged and washed and resuspended in 500 ml. of tap water and 
phosphate buffer pH 6:0, with ro ml. of toluene. After 8 days 
further incubation the fluid was separated from the residue and 
evaporated at 40°. The residue, which was highly reducing, was 
extracted with alcohol. Glucose, amounting to 102 mg., was 
identified in the alcoholic extract. Cellobiose amounting to 346 
mg. was found in the residue and identified by the specific rotation 
([x]p2° = 35°0°; cellobiose = 34:6°) and by the ozazone. It was 
not fermented by yeast but was hydrolysed by emulsin ; its iden- 
tity with cellobiose was fully established. 

Organisms containing cellulase are very widespread in the soil 
and in the gut of herbivores and in all places where decaying plant 
material is found. They are isolated on plates containing finely 
divided cellulose as sole source of carbon, or in appropriate liquid 
media. 

The separation of a cell-free cellulase is not as easy as in the 
case of the amylases. The cellulase organisms usually adhere 
closely to the insoluble cellulose fibres, which gradually disinte- 
grate. Simola, however, demonstrated the presence of cellulase 
in the culture fluid of the aerobe Cellulobacillus myxogenes in the 
following way. In each of three flasks were placed 50 ml. water, 
go g. filter paper impregnated with bacteria and 20 ml. toluol. 
The flasks were incubated for 2, 3 and 5 days respectively and the 
bacteria, etc., then removed by filtration. The fluid was then 
mixed with finely divided cellulose, phosphate buffer at pH 6:0 
and toluol. Reducing substances, absent at the beginning, ap- 
peared in 3 and 5 days. It is uncertain whether the cellulase is in 
the form of a filterable enzyme or produced by autolysis ; in any 
case it is strongly adsorbed to the cellulose. A cell-free cellobiase 
was demonstrated by the same method; this enzyme has also 
been found in malt extract.® 3 

Cytophaga [ attacks cellulose aerobically forming a mucilage 


containing xylose and CO,.4' The report that it is unable to use 
glucose is incorrect.® 


1 Simola, 1931. 2 Tbid. 


3 Pringshein & Leibowit 
* Walker & Warren, 1938. witz, 1923. 
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Amongst the anaerobes cellulose breakdown is associated with 
different types of fermentation. Cl. cellulosolvens from horse 
faeces attacks, besides cellulose, only dextrin, arabinose and xylose, 
the products being CO,, H, and organic acids. Glucose is not 
attacked. B. cellulose dissolvens, isolated from the human gut, 
gives a butyric fermentation ;* an organism from cattle rumen 
gives a mixed fermentation of the coli type ;* an anaerobic actino- 
mycete from termite gut and from the rumen gives a propionic fer- 
mentation.* Cellobiose can be demonstrated where fermentation 
is inhibited but glucose is never shown. 


Pectin and other plant polysaccharides® 


Pectic substances form a high proportion of the interlamellar 
material of plants. They consist of arabans, galactans and pectic 
acid. The last-mentioned has been shown to be composed of 6- 
galacturonic acid residues united through the 1 : 4 positions. The 
proportions in which these three polysaccharides occur vary in 
different plant pectins. 


COOH H OH 
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Pectic acid. 8-1: 4-galacturonic acid 


Pectins proper are methyl esters of pectic acid ; they are readily 
broken down by bacterial action. Industrially this process is used 
in freeing the cellulose fibres in the retting of flax ;_ it also occurs 
in the rotting of fruit and vegetables and assists the invasive action 
of plant pathogens. . fe A ; 

The polysaccharide corresponding to pectic acid in seaweeds is 
alginic acid composed of mannuronic acid linked in the 1:4 


positions. 
COOH 
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COOH 
Alginic acid, §-1: 4-mannuronic acid 


1 3 
1 Cowles & Rettger, 1931. . Khouvine, 1923. Hungate, 1944. 
4 Ibid., 1946. > Hirst, 1942. 
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Alginic acid is readily attacked by marine and soil bacteria. 
A cell-free alginase has been described ; this is stated to break 
down alginic acid to smaller units, but not to free mannuronic 


acid.? 


Breakdown of hyaluronic acid 

This important mucopolysaccharide is a constituent of skin, 
aqueous humour, synovial fluid, umbilical cord and Wharton’s 
jelly. It is composed of equal parts of glucuronic acid and 
N-acetylglucosamine. It is hydrolysed by hyaluronidase (the 
“ spreading factor ”) present in the filtrates of a number of patho- 
genic organisms, e.g. Cl. welchit, Cl. septicum, Sir. pyogenes and 
Staph. aureus. The enzyme has been partially purified and shown 
to act specifically on hyaluronic acid. Its first action is to lower the 
viscosity of hyaluronic acid, after which glucuronic acid, glucos- 
amine and subsequently acetic acid and ammonia are liberated. 

In vivo hyaluronidase increases the invasiveness of pathogenic 
organisms, particularly those of the gas gangrene group, by de- 
composing the cementing substance occupying the interstitial 
spaces of the skin.” * 4 


Enzymic decomposition of specific polysaccharides 


Enzymes hydrolysing the specific polysaccharides have been 
found to occur in quite unrelated organisms. ‘Thus Avery and 
Dubos? isolated a soil organism from bog peat by repeated reinocu- 
lations into media in which the polysaccharide of pneumococcus III 
formed the sole source of carbon (see also Chapter XI, p. 295). 
This organism, when grown in the presence of the polysaccharide 
or of the aldobionic acid derived from it, excretes an enzyme which 
hydrolyses the polysaccharide in question, but is inactive on re- 
lated substances. ‘The enzyme preparation obtained by filtration 
decomposes the polysaccharide, not only when purified, but also in 
the capsular condition with the intact cell both in broth culture 
and in mice ; thus when injected into mice infected with type III 
it affords protection. °® 

Organisms isolated from soil by a similar method have been 
found to decompose the specific polysaccharides of types I,? II8 
and III.° ‘The organism attacking the polysaccharide of type VIII 


is without action on that of type III in spite of the chemical 
similarity of these substances. 


Change from one type to another 


It was first shown by Griffith’? that if an R (unencapsulated) 


1 Waksman et al., 1934. 7 McLean, 19 3 
; : , 1941. Meyer & Pal 
: East et al., 1941. ® Avery & Dubos, 193 “) : Salt es 
Sickles & Shaw, 1934. § Ibid., 1933. ° Ibid., 1935. 1° Griffith, 1928. 
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strain of type I] pneumococcus was inoculated subcutaneously 
into a mouse along with a large dose of an S (encapsulated) form 
of type I, previously heat-killed, the organism recovered was en- 
capsulated type I. This work was extended by Dawson and Sia,} 
who dispensed with the mouse and produced the change in vitro. 
Alloway? further simplified the system by using as his transforming 
agent heated filtered extracts of cells or extracts of cells disrupted 
with 10% desoxycholate. The final and highly significant simpli- 
fication is contained in the work of Avery, McLeod and Mc- 
Carteny.* These workers used again the R unencapsulated strain 
of type II which by the methods described had already been 
transformed into types III, VI and XIV. This organism was 
grown on charcoal-treated nutrient broth with serum heated to 
60-65°. The transforming agent was prepared from type III. 
The cells from 50-75 |. of heart broth were removed and dis- 
rupted ; the proteins and polysaccharides were removed and the 
residue purified by repeated alcohol precipitation. The final pro- 
duct was a polymer of desoxyribose nucleic acid. ‘The elementary 
analysis was correct; its activity was destroyed by the depoly- 
merase specific for that substance. It was homogeneous in the 
ultracentrifuge, and in the 'Tiselius apparatus only one substance 
of high electrophoretic mobility was found. It was active in a 
concentration of 1-6 < 107. The significance of this highly impor- 
tant observation will be discussed under variation. 


1 Dawson & Sia, 1931. 2 Alloway, 1932, 1933. 3 Avery et al., 1945. 


CHAPTER IV 
FERMENTATION 


FERMENTATION is the anaerobic decomposition of carbohydrate 
and related compounds to products which cannot be further 
decomposed by the enzyme system or cell except by the inter- 
vention of molecular O,. ‘These fermentation products differ in 
different organisms, being governed in the main by the battery of 
enzymes at the disposal of the cell and to a smaller extent by 
conditions. ‘The biological importance of fermentation consists 
in the provision of a source of energy for the anabolic processes of 
the growing cell and it is noteworthy that fermentations which 
differ widely in their end products approximate closely in the 
amount of energy made available. 

The breakdown of carbohydrate does not occur in one step or 
two but consists of a series of well-defined reactions each catalysed 
by its own enzyme. These reactions are of two kinds, oxido- 
reductions and phosphate transference, the former providing the 
energy and the latter the mechanism of its transfer. 

The two commonest forms of fermentation are those first studied 
by Pasteur, viz. lactic and alcoholic. The former is found in most 
groups of living organisms ; the latter is characteristic of yeasts, 
but is found also in plant tissues and occasionally in moulds and 
bacteria. These two fermentations proceed along the same path 
to the penultimate stage where their divergence is due to the 
presence or absence of a special enzyme, carboxylase, character- 
istic of yeast cells. 

The intermediate steps of fermentation have been studied most 
intensively in yeast (alcoholic) and muscle (lactic) fermentations. 
In order to follow the more recent work on bacterial fermentations 
it is desirable to get a clear view of the present knowledge on the 
fermentation by yeast. It is not proposed to treat this historically, 
as would be demanded if this book were on yeast metabolism, but 
instead to give a summary of the present position and thence to 
pass to a more detailed study of bacterial fermentations. The 
scheme detailed below is due mainly to the work of the Embden, 
Meyerhof and Parnas schools, later reinforced by the work of the 
Coris, and will be referred to as the E.M_P. scheme. 

The oxidoreduction reactions are catalysed each by a Separate 
enzyme. ‘These enzymes sop all been prepared from yeast 
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and all act in conjunction with coenzyme I (see p. 18); some 
also require a metal, Mg or Mn or another heavy metal. The 
phosphorylations and their reverse processes are brought about 
by another group of enzymes transferring phosphate groups 
instead of hydrogen. Just as in the case of hydrogen, phosphate 
transfer requires an enzyme and a carrier to act as a phosphate 
acceptor or donator. The latter part is played by adenosine, which 
can carry one, two or three phosphate groups in the three phos- 
phorylated forms, adenosine monophosphate (adenylic acid), adeno- 
sine diphosphate (A.D.P.) and adenosine triphosphate (A.T.P.) 
(see Fig. 1). These esterifications are all endothermic, adenosine 


x Hy 
aA 1 ‘ 
Cc \ 
a ae 
aa easy: eT —F 0 hae “~~P—OH 
\ 


OH 


=0 


fo) 
je 


Adenylic acid radicle (A.A. 


Adenosine diphosphate radicle (A.D.P.) 9 > 4 


[tt 


_--- eee — ee ee ee ee —— eee eee ee ee eee eS eee 


Bic. i 


-> A.A. requiring approximately 3000 cals., A.A. to A.D.P. gooo- 
11,000 cals. and A.D.P. > A.T.P. gooo-11,000.* The fact that 
in the two latter phosphorylations a large amount of energy is 
absorbed is denoted by the use of the symbol ~ in the O ~P 
linkage. 

The complete series of reactions are schematically represented 
in Fig. 2; the arabic numerals on the left of or above the arrows 
refer to the enzymes and the letters on the right of or below to the 
coenzymes. 

Sugar must be phosphorylated preliminary to fermentation. 
This may occur in two ways: (1) the starch, glycogen or other 
form of polysaccharide may undergo phosphorolytic breakdown 
(comparable to hydrolytic breakdown) by which one molecule of 
1-phosphoglucose (Cori ester) is split off by the enzyme phosphoryl- 
ase (1), inorganic phosphate being the phosphorylating agent ;* or 
(2) glucose may be phosphorylated direct to 6-phosphoglucose by 
the enzyme hexokinase (16), A.T.P. being the phosphorylating 
agent. In the former case 1-phosphoglucose undergoes an enzy- 

1 Lipmann, 1941. 2 Cori & Cori, 1936. 
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mic shift of the phosphate from position 1 to position 6, 6-phospho- 
glucose (Robison ester) being formed as in the direct phosphoryla- 
tion of glucose. This enzyme—phosphoglucomutase (2)—requires 
Mg or Mn for its activity ;+ actually an equilibrium is set up 
between the Cori and Robison esters, about 5% of the former and 
95% of the latter being present. The Robison ester then under- 
goes another internal shift—enzyme phosphohexose isomerase (3) 
—to phosphofructofuranose (fructose monophosphate, Neuberg 
ester).2. This in turn is phosphorylated by an enzyme, phospho- 
hexokinase (4),* acting in conjunction with A.T.P. to give 1: 6- 
diphosphofructofuranose (the hexosediphosphate of Harden and 
Young). 

The hexose transformations now come to an end. The next 
change is a split into two 3-carbon phosphorylated compounds, 
3-phosphoglyceraldehyde and phosphodihydroxyacetone, the en- 
zyme catalysing this change being known as zymohexase or aldo- 
lase (5) ;4° The enzyme preparation was made from muscle® and 
also from yeast,’ the latter being activated by Zn, Co, Cu and Fe. 
A second enzyme, phosphotriose isomerase (6), shifts the equili- 
brium proportion of these two substances in favour of phosphodi- 
hydroxyacetone.* The 3-phosphoglyceraldehyde is, however, the 
compound on the main path of the glycolysis and is again phos- 
phorylated, producing 1 : 3-diphosphoglyceraldehyde, the phos- 
phorylating agent being inorganic phosphate and the enzyme 
unknown (this reaction may possibly be non-enzymic). 

The next reaction is an oxidoreduction by the enzyme triose- 
phosphate dehydrogenase (8) involving coenzyme I,° resulting in 
the formation of 1 : 3-diphosphoglycerate + reduced coenzyme If: 
In the presence of A.A. or A.D.P. the labile phosphate is trans- 
ferred, forming A.T.P. and 3-phosphoglyceric acid. 

The reduced coenzyme I couples this oxidation with the reduc- 
tion of acetaldehyde to ethyl alcohol (14) and the A.T.P. formed is 
available for the phosphorylation reactions catalysed by enzymes 
(4) and (16).1° The next reaction involves an internal shift of the 
phosphate group, by triosemutase—or phosphoglyceromutase (10) 
—3-phosphoglycerate > 2-phosphoglycerate. ‘This enzyme de- 
pends on the presence of heavy metals. 

2-Phosphoglycerate is converted into phosphoenolpyruvate by 
enolase! (11) and (12), activated by Mg and inhibited by fluoride. 
This is again a double reaction in which phosphoenolpyruvic 
undergoes an enol-keto transformation and a dephosphorylation 


1 Cori et al., 19338. 2 Lohmann, 1933- 3 Ostern et al., 1936. 
4 Warburg & Christian, 1942. 5 Meyerhof & Lohmann, 1934. 
6 Herbert et al., 1940. 7 Warburg & Christian, 1942. 

® Meyerhof & Lohmann, 1934. 9 Warburg & Christian, 1939 (1), (2)- 


10 Needham & Pillai, 1937. 11 Meyerhof & Lohmann, 1934. 
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in the presence of a phosphate acceptor, the energy liberated in 
the former reaction being used for the esterification of adenosine 
to A.A. or of A.A. to A.D.P. or of A.D.P. to ey. K, Mn (or 
Mg) are also necessary for the phosphate transfer. 
aie acid is then decarboxylated (13) to CO, + CH; . CHO 
by the enzyme carboxylase (especially characteristic of yeast) 
acting in conjunction with cocarboxylase ; the CH;. CHO is re- 
duced to ethanol by the reduced coenzyme I formed in reaction 8. 
CH; OH OH 
N=C—NH; | | | 
3 //©=C—CH: . CH. eae ns 
mam ete 6 6 
N—C SI 
Cl H 
Cocarboxylase, the diphosphate of aneurin (vitamin Br 


The energy shifts in the series of enzyme changes must now be 
considered ; these will be dealt with very briefly and the reader 
is referred to the classical paper by Lipmann? for a full treatment 
of the subject. 

The esterification of inorganic phosphate with an alcoholic 
hydroxyl has been computed to require about 3000 calories. This 
type of phosphate linkage is known as “‘ energy poor” and is 
written in the usual way. The following esters are of this type: 
the phosphates of hexose, glycerol, acetaldehyde, dihydroxyace- 
tone and adenylic acid. Other types of phosphate involving 
P-OP as in A.D.P. and A.T.P., carboxylphosphate as in 1 : 3- 
diphosphoglyceric acid, enolphosphate as in phosphoenolpyru- 
vate, are known as “ energy rich” linkages (written O ~ P) and 
have been computed to require gooo-11,000 cals. for their forma- 
tion. Hence formation of an energy-rich linkage of these types 
can occur only if linked to a highly exergonic reaction. Thus 
the change from 3-phosphoglyceraldehyde to 1: 3-diphospho- 
glyceric acid (via 1: 3-diphosphoglyceraldehyde) occurs only 
when accompanied by an oxidoreduction of phosphoglyceralde- 
hyde to phosphoglyceric acid balanced by a reduction of acetalde- 
hyde to alcohol. The energy liberated in oxidoreduction can in 
this way be stored in the energy-rich ~ P linkage. 

Our knowledge of the metabolic uses of the energy stored in the 
P ~bond is at present fragmentary. Muscular contraction has 
been shown to be associated with the change A.T.P. > A.D.P., the 
enzyme for which is identical or closely associated with the struc- 
tural protein of muscle® 4 itself. Phosphate bond energy is used 
for the synthesis of starch and glycogen, since the phosphorylation 


1 Boyer et al., 1943 od 
oyer : : pmann, 1941. 
* Ljubimova & Engelhard, 1941. 4 Needham et al., tose 
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of glucose by A.T.P. and hexokinase is a necessary preliminary to 
its conversion to polysaccharide by phosphorylase. It is probable 
also that the synthesis of fats occurs through the formation of acyl 
bonds by the interaction of A.T.P. with —COOH to form acyl 
linkages which readily esterify.1 


O O 
| | 
R—C—O ~ PO,H, + OHR > R—C—OR 


Before leaving the subject of yeast fermentation it is necessary 
to refer to an earlier scheme put forward by Neuberg which, prior 
to the discovery of the phosphorylation cycle, dominated fermenta- 
tion chemistry for more than a decade, though now mainly of 
historic interest. ‘This scheme was developed by observations 
made on intact yeast rather than yeast juice and is an attempt to 
explain the process by a series of hypothetical intermediates. 
According to this view the Gay-Lussac equation C,H,,.0, = 
2C,H;OH + 2CO,j is arrived at according to Scheme I. 


Beat 


y 
(2C3H,Os) 
| —H,O 


Y 
(2CH, . CO. CHO) 
ie eens 


2CH, .CO.COOH 
| 
t 
2CO, + oa . CHO 


} 
2C.H;OH 


Scheme I (Neuberg’s “ first form ” of fermentation 


If the reaction of the medium is alkaline, the course of the fer- 
mentation is modified ; a second hydrogen acceptor then becomes 
active and competes with acetaldehyde for the hydrogen available 
when the methyl glyoxal becomes oxidised ; this second hydrogen 
acceptor was not identified, but was regarded as an unstable com- 
pound of the formula C,H,O; (Scheme IT) since its reduction 
product appeared as glycerol. The acetaldehyde, therefore, instead 


1 Lipmann, 1941. 
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Y 
(2C,;H,O; "150 2C,H,Os) 
| | + 2H, oe 


+ Op ghee 
2CH,. CO. COOH 


{ y 
(2CH,.CO.CHO+2H,0) 2C;H,O; 
| 


1 
2CO, + 2CH;. CHO 


a3 
Va. 


CH,. COOH + C.H;OH 


Scheme II (Neuberg’s “ third form ” of fermentation) 


of becoming wholly reduced as in Scheme I, was believed to 
undergo a Cannizzaro reaction in which half the molecules were 
oxidised to acetic acid and half were reduced to ethyl alcohol. 
Such a fermentation is represented in Scheme II (Neuberg’s 
“third or dismutation form”’ of fermentation).+ 

Finally Neuberg was able to prove the occurrence of acetalde- 
hyde in the course of the fermentation by the addition of sulphite 
to the medium. In these circumstances the sulphite present com- 
bines with part of the acetaldehyde before this has been oxidised 
or reduced ; at the end of the fermentation the acetaldehyde so 
fixed can be recovered, identified and estimated. With the re- 
moval of the acetaldehyde it is clear that a hydrogen acceptor 
disappears from the system as it is given in Scheme I; hence, as 
in Scheme II, this is replaced by the substance C;H,O;, which by 
reduction passes to glycerol. Thus for every molecule of acetalde- 
hyde fixed by the sulphite a corresponding molecule of glycerol 
was to be expected. This was realised ; throughout the fermenta- 
tion glycerol and acetaldehyde appear in equimolecular propor- 
tions.” Such a fermentation is depicted in Scheme III (Neuberg’s 
‘second or fixation form” of fermentation) : 

It must be pointed out, however, that none of the three schemes 
was ever realised in its entirety. Scheme I approaches fulfilment 
most nearly, but even here glycerol and acetic acid always occur to 
a small extent. In the fermentation carried out in the presence of 


1 Neuberg & Hirsch, 1919 (1). 2 Ibid. (2). 
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Y 
(C;H,O; + C,H,Os) 


CH, .CO.COOH 


Y 
CO, + CH, . CHO (fixed by sulphite) 


Scheme III (Neuberg’s “‘ second form ”’ of fermentation) 


sulphite a proportion only conforms to Scheme III, the actual pro- 
cess being a mixture of those depicted in Schemes III and I. 
Scheme I rested first on the fact that pyruvic acid can be shown 
to be an intermediate product in yeast fermentation, by the use of 
dried yeast on magnesium hexose diphosphate,! and that pyruvic 
acid is fermentable at a rate equal to that of glucose. Secondly, 
that a C,H,O, compound (methyl glyoxal) can be isolated in 
special circumstances, viz. fermentation of magnesium hexosedi- 
phosphate by extract of dried bottom yeast with toluene water, this 
being known as Neuberg’s fourth form of fermentation. * Neuberg 
regarded this methyl glyoxal as an intermediate product of fermen- 
tation accumulating as a result of the special conditions used. 
The fact that methyl glyoxal is not fermentable by yeast was a 
serious objection to this scheme but was overlooked by regarding 
methyl glyoxal as an inactive stabilisation product of a more active 
substance (a subterfuge frequently resorted to when facts fail to 
fit biochemical theories). ‘The accumulation of acetaldehyde in 
the presence of sulphite is equally explicable on the E.M.P. 
scheme and the simultaneous accumulation of glycerol would fit 
in with the removal of CH,. CHO as a hydrogen acceptor and 
the alternative reduction of triosephosphate to glycerol phosphate, 
followed by the hydrolysis of the latter. The production of equi- 
molecular amounts of glycerol and acetic acid in the alkaline 
medium (Neuberg’s third form of fermentation) might be explained 
on the change in pH affecting the course of the oxidoreduction ; 
instead of ph. glyceraldehyde + acetaldehyde — ph. glyceric acid 
4. ethanol, which occurs at neutral and acid reactions, we should 
then have 
ph. glyceraldehyde + acetaldehyde —> ph. glycerol + acetic acid 
1 Neuberg & Kobel, 1929. 2 Ibid., 1928. 
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the parts of oxidant and reductant being reversed ; this would be 
followed by the hydrolysis of phosphoglycerol to phosphate and 
glycerol. 

The methylglyoxal of Neuberg’s “fourth form of fermenta- 
tion ” is not necessarily a true intermediate since it has been found 
to occur by the acid hydrolysis of triosephosphate.* In any case 
the occurrence or non-occurrence of methylglyoxal in fermentation 
raises the interesting problem of glyoxalase. This enzyme cata- 
lyses the change 


CH,.CO.CHO + H,0 = CH,. CHOH . COOH 


glutathione being the coenzyme. This enzyme is one of the most 
widely distributed known,? yet its substrate is never met with 
except in the artificial conditions mentioned above ; until these 
facts are reconciled we cannot be certain that lactic acid arises 
invariably by the reduction of pyruvic. 


Fermentation by the Enterobacteriacee 


The two tribes mainly studied have been the Escherichee and 
the Salmonelleez, organisms previously included in the coli-typhosus 
group. 

The products in these fermentations are so numerous that no 
single one predominates sufficiently to characterise the fermenta- 
tion. Harden* made the first quantitative estimation of the pro- 
ducts of a coli fermentation and attempted to construct a picture 
of the breakdown process. He found the following products : 
lactic, acetic, formic and succinic acids, alcohol, CO, and H,, and 
fairly successfully accounted for the sugar fermented in the pro- 
ducts of fermentation. 

Fructose, galactose and arabinose gave the same products in 
approximately the same proportion as glucose ; the corresponding 
alcohol, mannitol, gave more ethyl alcohol and less acetic acid and 
lactic acids. 

The appearance of ethyl alcohol and acetic acid in approxi- 
mately equimolecular proportions led Harden to postulate their 
origin from a common precursor. Later Neuberg* showed the 
occurrence of acetaldehyde by sulphite fixation and deduced that 
this was an intermediate. Kay, following up the work of Harden, 
showed that reduction and oxidation products of the hexoses are 
fermented along the same lines, the former giving rise to more 
reduction and the latter to more oxidation products.* 

Valuable quantitative studies of this and other fermentations 
have been made by the Delft school. These have been inter- 


* Meyerhof & Lohmann, 1934. * Hopkins & Morgan, 1945. 
° Harden, 1901. * Neuberg & Nord, 1919 (1). 5 Kay, 1926. 
8 Scheffer, 1928. 
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preted along the lines: of the Neuberg scheme .then currently 
accepted ; modern work renders this interpretation unlikely but 
the work provides the most complete and reliable quantitative data 
on fermentations in growing cultures. 


TABLE 1 


PRODUCTS OF THE FERMENTATION OF VARIOUS COMPOUNDS BY B. coli 
(As PERCENTAGE OF COMPOUND FERMENTED) 























Mannitol Glucose Gluconic Glycuronic Sacc'laric 
(Grey) acid acid acid 
Lactic acid ~~. | 24°6 44°6 35°1 17's 58 
Succinic acid . 6-9 5°0 9°6 14° ee 
) mi Bt 4 ; ; : 
Acetic acid . oo ts 9) 16-8 f 72 8 234 f 33° 48-2 62°8 49°1 64°6 
Formic acid . 74 o'8 O'5 06 2°5 
Carbon dioxide | 27°3 12°4 13°8 5°0 22°0 
Ethyl alcohol . | 27-0 16°1 10°8 2°6 I'o 
Total - |100°2 951 93°2 88-5 95°9 





In addition to the products already mentioned it was early 
noticed’ that certain members of the group produced acetylmethy]- 
sarbinol (acetoin) and its reduction product 2 : 3-butylene glycol 
‘CH; .CO.CHOH.CH,; and CH,. CHOH .CHOH. CH,). 
Acetoin was first attributed to the condensation of 2 mols. of 
CH, . CHO, as it was found that the addition of this substance to 
pacterial* and yeast* fermentations increased acetoin production. 
Early also was the discovery that the well-known reaction of Voges 
and Proskauer‘ was due to the oxidation of acetoin and 2 : 3-butyl- 
ene glycol to diacetyl CH, .CO. CO. CH; and the condensation 
of the latter with guanine derivatives.5 


Application of the E.M.P. scheme to coli fermentation 


Advance in knowledge of bacterial fermentation lagged behind 
that of yeast owing to the difficulty of making cell extracts com- 
parable to yeast and Lebedev juice. ‘This difficulty has now been 
svercome (see p. 16) and the intermediate reactions in this group 
of fermentations are now fairly clear. 

As in other fermentations the intermediate steps have been 
elucidated by the use of cell preparations (acetone powders, 
toluene-treated cells, etc.), cell extracts and the use of specific 
inhibitors. ‘Tikka® first showed that washed suspensions of colt 
fermented glucose and hexosediphosphate to the same end pro- 
ducts and that both fermentations are influenced in the same way 
by changes in pH, more acetic and less lactic acid being produced 


1 Harden & Walpole, 1906. 2 Harden & Norris, 1912. 
s Seater & Hirsch, 1921. ae & Proskauer, 1898. 
6 Harden & Norris, 1912. Tikka, 1935. 
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at pH 7:3-7°6 than at 6:02-6:25. In the absence of inhibitors 
phosphoglycerol gave ethanol (78% yield) and phosphoglyceric 
acid gave acetic acid ; formic acid was assumed (but not proved) 
to be the other product in each case. Phosphoglyceric acid in pres- 
ence of toluene gave pyruvic, which in the absence of the inhibitor 
gave acetic, formic and lactic acids. Using acetone preparations of 
coli hexose was fermented mainly to pyruvic acid, toluene and 
acetone inhibiting the further breakdown of this substance, whilst 
in the presence of fluoride phosphoglyceric acid accumulated.? 

The change of hexose diphosphate to approximately equimole- 
cular amounts of phosphoglyceraldehyde and phosphodihydroxy- 
acetone was shown with coli juice acting on hexosediphosphate in 
the presence of bisulphite ; the latter served to fix the two com- 
ponents of triosephosphate which were then estimated. In the 
absence of the fixative the enzyme isomerase immediately comes 
into action (as in the case of yeast juice) and an equilibrium is estab- 
lished with about 5% phosphoglyceraldehyde and 95% phospho- 
dihydroxyacetone. ? 

It has also been shown that, as in the case of yeast juice, the 
change of phosphoglyceric to phosphopyruvic is reversible, the 
same equilibrium point being reached whether phosphoglyceric or 
phosphopyruvic is used as the starting-point, and that phospho- 
pyruvate is transformed to pyruvate with the transfer of the phos- 
phate to adenylic acid, A.T.P. being formed.® 

_So far the changes from hexose diphosphate to pyruvic acid are 
similar to those of yeast and muscle. ‘The early stages between 
glucose or polysaccharide and hexosediphosphate await investi- 
gation. 

_ Fig. 3 represents the scheme, the dotted lines and compounds 
in brackets representing unverified reactions and products. 


Glucose or Polysaccharide 
¥ 
Hexosediphosphate 


(3ph. glycerol) <---3-ph . glyceraldehyde==3-dihydroxyacetone 
me 
Ethanol Formic 3 ph. glyceric acid 
acid 
Ph, acid 2-ph. glyceric acid 
2-ph.enolpyruvic acid 


Phosphoric acid + pyruvic acid 


Fic, 3 


1 Endo, 1938. * Utter & Werkman, 1941. 3 Ibid., 1942 
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The breakdown of pyruvic acid 


The decomposition of pyruvic acid by coliform organisms (and 
other bacteria so far tested) differs from that catalysed by yeast 
and muscle enzymes. No case of bacterial decarboxylation has so 
far been demonstrated (though cases of bacterial alcoholic fermen- 
tation where it might be expected have not yet been tested). In 
the case of Esch. coli and other organisms giving negative Voges 
Proskauer reactions pyruvic acid is decomposed into acetic acid 
and formic acid by a hydrolytic split. Thus: 


CH,.CO.COOH + H,O = CH,. COOH + H. COOH 


This is in fact an example of a general reaction first shown by 
Neuberg in which «-keto acids are split into formic acid and a fatty 
acid having one carbon atom less than the «-keto acid.1_ By use 
of cell-free juice from Esch. coli evidence has been obtained that 
this reaction proceeds by way of a phosphoroclastic split 


CH, .CO.COOH + H;PO, = CH,. COOPO;H, + H. COOH 


A cell-free preparation of cells decomposes pyruvate with formic 
and acetic as the principal products.? 

It was found by dialysing the enzyme preparation that phos- 
phate, cocarboxylase, Mn (or Mg) are necessary to the functioning 
of the system. During the experiment acid-labile P. accumulates, 
probably attributable to acetylphosphate; in presence of A.A. 
this compound is missing but A.T.P. accumulates. 

The reversibility of this reaction was shown by the use of C**. 
HCOOH was prepared by incubating suspensions of Esch. coli 
with normal formic acid in an atmosphere of H, and C180, 
(Woods’ reaction). The resulting HC18OOH was incubated with 
pyruvic acid in the presence of the organism ; when the fermenta- 
tion of the pyruvic acid was still incomplete C18 was found in the 
carboxyl group. 

H.C##OOH + CH,COOPO,H, = CH;COC#%OOH + H;PO, 


In a similar way CH,C!8OOH was shown to condense with 
HCOOH to give CH,C!*O . COOH in the presence of A.T.P.* 
Both intact cells and cell-free extracts of Esch. coli produce lactic 
acid in small amounts from pyruvic,* ® in addition to acetic and 
formic. This probably arises by a dismutation as in the case of the 
gonococcus.° 
H,.CO.COOH + H,0 = CH,. CHOH . COOH 
* : ** + CH, . COOH + CO, 


since no reduction of pyruvate by H, (in presence of hydrogenase) 


1 Neuberg, 1914. ? Kalnitsky & Werkman, 1943. 
* Utter, Lipmann & Werkman, 1945. 4 Tikka, 1935. 
& Kalnitsky & Werkman, 1943. ® Krebs, 1937 (1). 
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or other donators (e.g. formate and formic dehydrogenase) can be 
demonstrated. 

In organisms of the aerobacter group and others producing ace- 
‘toin and 2:3-butylene glycol, pyruvic acid is decomposed by a 
third method as follows: 


2CH,.CO.COOH = CH,.CO.CHOH . COOH + 2CO, 


The partition of the available pyruvic acid between the hydro- 
lytic (or phosphorolytic) enzyme and the acetoin enzyme depends 
on pH. In the first place the acetoin enzyme is almost absent from 
cells grown at pH 7-5 and over ;? if grown in the presence of 
glucose both enzymes are present, but at pH 8-o only the hydro- 
lytic (or phosphorolytic) reaction occurs, whilst below pH 6:8 the 
acetoin enzyme only is active (pH optimum 3:5). The addition of 
CH, . CHO does not influence the production of acetoin by this 
organism.* It was shown that acetic acid added to fermentations 
of glucose by Aerobacter aerogenes resulted in an almost quantita- 
tive increase in butylene glycol. CH,.C1t%OOH added to a 
glucose fermentation by suspensions of Aerobacter aerogenes re- 
sulted in the formation of butylene glycol in which C1 was 
exclusively in the hydroxyl C. When C!8H, . C!23OOH was fed into 
the fermentation the C1 was distributed equally between the methyl 
and hydroxyl carbon atoms. Calculations indicated that in the 
former case about 7% and in the latter case about 13% of the 
butylene glycol was formed from acetic acid. These results were 


regarded as evidence that in the intact cells of Aerobacter aerogenes — 


acetoin arises by the condensation of two 2-carbon compounds, 


possibly CH,;CHO or some derivative, but they are also explicable | 


on the reversibility of the reaction 


CH,.CO.COOH + H,PO, = CH,COOPO,H, + H. COOH 





f 


: 
! 


Similar evidence is provided by Aerobacillus polymyxa, where — 


the addition of either acetaldehyde or acetate to fermenting cul- 
tures increased the yield of acetoin and butylene glycol. These 
experiments are in line with the classical work of Neuberg and 
Hirsch, who first showed the condensation of two mols. of acet- 
aldehyde to acetoin in the case of yeast.® 

The further anaerobic disruption of formic acid occurs through 
the enzyme formic hydrogenlyase. The reaction 


H.GOOH = COs ane 


was first studied by Pakes and Jollyman in rgor1.* These workers 
showed that gas production in a number of organisms (mostly of 


* Unpublished observations. 2 Silverman & Werkman, 1941. 


Ibid., 1940. 4 Reynolds et rite a . §& Neub : 
6 Pakes & Jollyman, 1901. 937 euberg & Hirsch, roar. 
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the Enterobacteriacee) studied by them was due to the decomposi- 
tion of formate produced from hexose as an intermediate product. 
Meanwhile another enzyme decomposing formate had been found, 
viz. formic dehydrogenase catalysing the transfer of 2H from 
formate to oxygen or some other acceptor.} 
H.COOH + A = CO, + AH, 

A third enzyme associated with this group is hydrogenase cata- 
lysing reductions by molecular hydrogen ;? it has been obtained 
cell-free.* * 

H, +A=AH, 

All these three enzymes are found in members of the Enterobac- 
teriacee and in many other groups, but do not seem to occur in 
organisms other than bacteria and a few alge. 

It is believed that the production of H, from formate is due to 
a distinct enzyme formic hydrogenlyase catalysing the reaction 


H . COOH s H, + CO, 

This enzyme is partially adaptive and is practically absent from 
organisms grown on the surface of agar ; it is present in organisms 
grown anaerobically and is increased by the presence of fermen- 
table hexose or formate. The reversibility of the reaction was 
shown by Woods.® The suggestion that formic hydrogenlyase is 
a combination of formic dehydrogenase and hydrogenase is ren- 
dered unlikely by the fact that a strain of Bact. dispar was found 
possessing both these enzymes but producing no gas from for- 
mate ; in addition a strain of Aerobacter aerogenes was found which 

produced hydrogen but had no hydrogenase. 
Recent work by Waring and Werkman’ has, however, provided 
an alternative interpretation of results. It has been shown with 
Aerobacter indologenes grown on an iron-deficient medium that the 
three enzymes hydrogenase, formic dehydrogenase and formic 
hydrogenlyase are all absent or present in traces only. This 
suggests that these are all iron-containing enzymes. Furthermore 
formic hydrogenlyase was formed as freely in strongly aerated cul- 
tures as anaerobically. These workers believe that formic hydro- 
enlyase is really a combination of formic dehydrogenase and 
drogenase. They claim that there is no organism known which 
contains formic hydrogenlyase and does not also possess formic 
dehydrogenase and hydrogenase (see, however, the case of dispar 


H.COO- + H,O > HCO, + 2H* + ze 


2H+ + 2e > H, 
. stel & Whetham, 1925 (1). 2 Stephenson & Stickland, 1931. 
. ~ camer 1941. 4 Back et al., 1946. 
& Woods 1936 (1). 6 Stephenson & Stickland, 1932. 


7 Waring & Werkman, 1944. 
G 
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above) and postulate the production of H, by the intervention of 
an iron-containing electron carrier.? 

At any rate the production of H, appears to be more sensitive to 
Fe deficiency than the other two enzymes implicated, which may 
be interpreted by regarding it as a separate enzyme or as depend- 
ing on an electron-carrying system highly sensitive to Fe deficiency. 

On the other hand, Kalnitsky and Werkman? report that aerating 
Esch. coli prevents the formation of the lyase, though formic 
dehydrogenase and hydrogenase are both present. 

Our present knowledge of the anaerobic decomposition of pyru- 
vic acid may be diagrammatically represented as in Fig. 4. 


2CH;CO:COOH 
acid reaction neutral or alkaline reactzon 
CH;CO-CHOH:-CH; + 2CO, CH,;COOPO,H, + H-COOH 
reduction HO 
CH, CHOH:CHOH:CH, CH;COOH+H,PO, H,+ CO, 
+ HO by dismutation 


CH;CHOH:COOH + CH;COOH + CO, 


Fic. 4 
Fermentation of glycerol 


Glycerol was shown by Harden’ to be fermented by B. coli, 
ethyl alcohol and formic acid being the principal products. A 
detailed study of the same fermentation, using various members of 
the Bacteriacea, was made by Braak‘ on the same lines as the work 
of Scheffer with glucose. The products obtained were qualita- 
tively the same as from glucose but the proportion of the oxidised 
products was lower and that of the reduced products higher. In 
the case of B. lactis aerogenes, however, acetoin and 2, 3-butylene 
glycol appear only in traces. 

‘The fermentation of glycerol as carried out by Braak in peptone 
or yeast water is characterised by one important feature absent in 
the case of glucose. When the course of the fermentation is fol- 
lowed (by measurement of gas evolved) it is found to come to a 
standstill long before the glycerol is completely fermented; if 
now more peptone or yeast water is added the fermentation again 
starts and again stops short of completion. It was found that the 


1 Ordal & Halvorsen, 1939. aealns 
2 arden. tot. 39 cn ee Werkman, 1943. 
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added peptone could be replaced by substances such as aspartic 
acid or methylene blue acting as hydrogen acceptors. It is clear 
that in order for glycerol to be transformed to a compound of the 
C;H,O, group it must first lose hydrogen, and initially this must 
occur by means of an external hydrogen acceptor though later the 
intermediate fermentation products may take on the role. Fer- 
mentation of glycerol in a synthetic medium without such an oxidis- 
ing agent does not occur. One member of this group of bacteria, 
however (Bact. freundit), fermented glycerol without the addition 
of a hydrogen acceptor and carried the fermentation through even 
in a purely mineral medium. The quantitative estimation of the 
products led to the disclosure of a deficit and it was eventually 
found that an unsuspected substance was present in considerable 
amounts. ‘This turned out to be trimethyleneglycol, a reduction 
product of glycerol CH,OH.CH,.CH,OH. It would thus 
appear that this organism is able to carry out a dismutation with 
two molecules of glycerol, thus dispensing with an external oxidis- 
ing agent. 

The same fermentation has been reported by certain strains 
of B. lactis aerogenes (Aerobacter);1 here trimethylene glycol 
amounted to over 40% of the fermentation products. 

A fermentation of glycerol in which succinate is the principal 
product has been recorded by Krebs,? 40-6 mols. succinic acid 
being obtained by the fermentation of 100 mols. of glycerol; the 
fermentation was carried out by a washed suspension of Bact. colt 
in bicarbonate buffer. 


Fermentation of dihydroxyacetone 


The products of the fermentation of dihydroxyacetone by Bact. 
coli are as follows : 


Glycerol, 37-50% of dihydroxyacetone fermented 
Acetic acid, 20-22% a 5. 
Formic acid, 4-15% ~ ” 


with some carbon dioxide and hydrogen and occasionally some 
succinic acid. 
The fermentation is probably due to an adaptive enzyme. This 
is shown by the relative rates of fermentation of glucose and di- 
hydroxyacetone by washed suspensions of bacteria grown with 
and without dihydroxyacetone in the medium. _ . 
L-Glyceric acid is decomposed by Bact. coli into acetic and 
formic acids and ethyl alcohol,* and J/-glyceraldehyde to the 
same products as dihydroxyacetone with the addition of lactic acid.4 


1 Mickelson & Werkman, 1940. Pe a Krebs, 1937 (2). 
* Virtanen & Peltola, 1930. Virtanen & v. Hausen, 1932. 
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Fermentation of citric acid 

This fermentation was first effectively studied by Deffner? * 
with an organism later identified as Aerobacter aerogenes. Brewer 
and Werkman® demonstrated an identical fermentation due to a 
strain of the same organism. 

Deffner showed that oxaloacetic acid and citric acid are fer- 
mented to the same end products, viz. ethanol, CO,, formic, acetic 
and succinic acids. In the case of citric acid between three and 
four times as much acetic appeared as in the case of oxaloacetic. 
From Deffner’s data the scheme is advanced that the key reaction 
in the fermentation of citric acid is the splitting off of acetic with 
the formation of oxaloacetic. The enzyme responsible for this 
reaction is adaptive and suffices to confer the ability to ferment — 
citrate since the subsequent reactions by which oxaloacetic is 
transformed are common to the enterobacteriacee and to other 
organisms. 

Deffner postulated the following scheme : 


COOH 


Te COO Gren Corn . CH, . COOH 
- COOH . CH,.CO.COOH + CH; . COOH 
2. COOH .CH,.CO.COOH + 4H 
-> COOH... CH,.. CH... COOH = FL. 
3. 2COOH . CH, . CO. COOH + 2H,O — 4H —4CO, 
+ 2CH,. COOH 
4. COOH . CH,. CO. COOH + H,O - CO, + HCOOH 
Pa + CH, . COOH 
5. 4 Citric acid > 5CO, + 7CH,. COOH + H. COOH 
+ COOH. CH, - CH, - COOR 


4 ne experimental verification for this scheme is presented in 
able 2. 











TABLE 2 
CO2 CH3.COOH H . COOH COOH .CH2.CH2.COOH 
mols. mols. mols. mols. 





1 mol. citric 1°25 


1°75 0°25 0°25 1. 
I'I-1°3 1'°68—1°86 0°23-0°38 = fo 


O°I-0'24 found 








In addition (and not represented above) a small amount of 
ethanol is also formed. 

The steps postulated do not represent distinct enzymic reactions 
but all can be accounted for as the result of enzymes known to 
occur in bacteria. 


1 Deffner, 19309. 2 Defhi 
* Brewer & Werkman, 1939. eer A ae 
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A fermentation of citric acid by the heterofermentative lactic 
organism Str. paracitrovorum! yielded a series of similar products, 
whilst several homofermentative organisms yield CO, and acetic 


acid as the main products, with formic and lactic acids but no 
succinic. ? 


Propionic fermentation 

This fermentation is brought about by a group of gram-positive 
rod-shaped organisms at present regarded as a family of the 
Lactobacteriacea. ‘The organisms can be readily obtained from 
the rumen or feces of the cow or the sheep and occur also in 
Gruyére and Emmentaler cheese. The process was early investi- 
gated by Fitz,* who showed that during the fermentation in ques- 
tion acetic and propionic acids were produced not only from 
glucose but also from malic and lactic acids. The fermentation of 
lactic acid is important as this compound is usually an end product 
of fermentation ; here it appears to undergo an oxidoreduction or 
dismutation according to the quantitative investigations of Fitz : 


3CH, . CHOH . COOH = 2CH,.CH,. COOH + CH, . COOH 

+ CO, + H,O 
this has been confirmed by others,‘ with organisms isolated from 
Emmentaler cheese, the ‘‘ eyes” of which are due to the CO, 
liberated. 

Virtanen® proceeded further with this study, showing that 
besides lactic acid, the following were all fermented: glucose, 
fructose, mannose and lactose, sucrose and xylose, the products 
and proportions being the same as in the case of lactic acid. 
Pyruvic was fermented as follows: 
3CH,.CO.COOH + H,O = CH,;. CH, . COOH 

+ 2CH,.COOH + 2CO, 


whilst glycerol fermented in yeast water gives rise to an almost 
quantitative yield of propionic acid.°® 


The origin of succinic acid 

In this as in many other fermentations succinic acid frequently 
appears. Van Niel, who first studied this question, believed that 
the succinic acid formed was due to the deamination and reduction 
of aspartic acid present in the yeast water and hence was unrelated 
to the fermentation. This undoubtedly contributed to the suc- 
cinic acid obtained in his experiments but, as later became ap- 
parent, was not the principal part of the story. ; 

The solution of the problem of the origin of succinic acid in 


1 Slade & Werkman, 1941. 2 Campbell & Gunsalus, 1944. 
% Fitz, 1878, 1879, 1880. 4 y, Freudenreich & Orla Jensen, 1906. 


& Virtanen, 1923. 6 Van Niel, 1928. 
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fermentation generally was first solved in studies on propionic 
fermentation and for that reason is dealt with in this place ; but 
the reactions appear to be quite general for bacteria and indeed 
also for animal tissues. nee 

It was first observed by Wood and Werkman that in a propionic 
fermentation of glycerol carried out in a closed system in an 
atmosphere of CO, the total carbon of the end products exceeded 
that of the carbohydrate fermented. This they attributed to fixa- 
tion of CO, in the fermentation products. Furthermore they 
were able to show that at each stage in the fermentation the mols. 
CO, fixed and succinic acid produced were approximately equal.* 
The fixation of CO, and production of succinic acid are favoured 
by the presence of phosphate in the growth medium and inhibited 
by fluoride in the reaction vessel; evidence was obtained that 
succinic acid was also formed by a mechanism insensitive to 
fluoride. * 

The fixation of CO, in succinic acid was proved by the use of 
heavy carbon (C18). The normal percentage of C1* in naturally 
occurring compounds is 1:09. A fermentation of glycerol was 
carried out in bicarbonate containing 4:64% of C1%. At the end 
of the experiment the amount of each product was estimated and 
also the percentage of C13 in it. Any significant increase in C18 
above 1-09 indicates that C1 from the added bicarbonate had 
entered the molecule. The analysis showed that C1* was present 
in succinic, propionic and acetic acids and in propyl alcohol. The 
presence of C1% in the propionic acid (and alcohol) suggests that 
the propionic acid does not arise from glycerol by reduction but 
that it also passes through a 4-carbon stage.* Similar experiments 
on the fermentation of galactose and of pyruvate by Esch. coli 
showed C!* in succinate and formate only. 

It has been shown that various strains of propionic bacteria can 
carry out the following reactions :4 ® 


nie COOH COOH COOH 
| | | 
CH,” 2H CHAIN OMCs +2H CH, 
| | aoe | ——— ae) 
CO CHOH CH CH: 
| | 
COOH COOH COOH coca 


Hence if oxaloacetic acid is the first product of CO, assimilation 
it 18 easy to account for the presence of C13 in succinic acid in the 
experiments with the C18 isotope recorded above. 


1 Wood & Werkman, 1938. 2 Ibid., 1940. 


8 Wood, Werkman, Hemingway & Nier, 1 4 
5 Nishitnarcrreatt gway »1941. * Krebs & Eggleston, 1941. 
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(1) (2) 


Glycerol————->pyruvic acid ————-+propionic acid 
CO.+ | (3) — CO, 
COOH CH, . CO. COOH 
+ 2H | (4) — 2H 
COOH CH, . CHOH . COOH 
H,0 — | (5) +H,0 
COOH 7CH = CH:. COOH 
21 | (6) | — 2H 


COOH . CH, . CH, . COOH :::: 
Fic. 5 


The scheme shown in Fig. 5 depends on the occurrence of reac- 
tion (3) and on its reversibility. This involves the existence of an 
enzyme decarboxylating oxaloacetic at the carbon atom adjacent 
to the methylene group. Such an enzyme was first found in lysed 
cells of Micrococcus lysodeikticus! and later in cell-free prepara- 
tions of Esch. coli. In preparations containing Mg and Mn and 
freed from cocarboxylase the production of pyruvic and CO, from 
oxaloacetic in accordance with reaction (3) was proved. ‘The 
demonstration of its reversibility was, however, difficult. This is 
due partly to the equilibrium being greatly in favour of the pyruvic 
and CO,, and partly to the extreme reactivity of oxaloacetate. By 
careful adjustment of conditions, however, and in presence of 
cyanide, the production of oxaloacetate from pyruvate and CO, 
was finally achieved.* 

The occurrence of C1 in the carboxyl of the propionic acid 
when glycerol is fermented in the presence of C'*O, requires some 
explanation. In general the use of isotopes in fermentation 
chemistry has demonstrated the much greater interchange amongst 
products of fermentation (due to the reversibility of many enzyme 
actions) than was at first realised. ‘The case in point is explicable 
on the known reversibility of the enzymes in Fig. 5. 

The earlier unproven theory? of the formation of succinic acid 
by the condensation of 2 mols. of acetic acid appears unnecessary 


1 Krarmpitz & Werkman, 1941. 2 Kalnitsky & Werkman, 1943 (2). 
# Ibid. 4 Harden, 1901. 
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in view of its production from pyruvic and CO,. However, 
evidence obtained by the use of heavy carbon shows that the 
former reaction also occurs. Using washed cell suspensions of 
Aerobacter aerogenes, CH, . C!®OOH was added to the fermenta- 
tion of glucose. Significant amounts of succinic acid with C?? in 
the carboxyl were isolated. The addition of succinate containing 
C18 in the carboxyl resulted in the isolation of CH,C¥OOH. 
This could not arise by the route succinic > fumaric + malic > 
oxaloacetic > pyruvic — acetic + CO, because in that case the 
C13 would be found in C130,. It seems, therefore, that we are 
driven to postulate the reversible change 


CH,.COOH -—2H CH,.COOH 
> 

af es | 
CH,.COOH +2H CH,.COOH 
where the C!% is found exclusively in the carboxyl. ‘The above 
scheme represents only the overall reaction and is not intended to 
indicate the 2- and 4-carbon compounds actually reacting. When 
C13H, . C1300OH was fed to the fermentation, succinic acid was 
isolated having C1* in both methylene and carboxyl carbon atoms. 

Obviously the reaction postulated above requires an acceptor 


for 2H. In the fermentation under discussion this may be acetoin, 
which is readily reduced to butylene glycol. 








Butyric and butyl fermentations 


A large number of Clostridia effect fermentations in which 
butyric acid and related compounds predominate; Cl. tetano- 
morphum, for example, ferments pyruvic acid thus :1 
3CH, . CO. COOH + H,0 = CH, . (CH). COOH 

+ CH,.COOH + 3CO, + Hs; 
These fermenters have been classified as follows :? 

1. Butyric fermenters producing mainly butyric and acetic acids 
CO, and Hy. (Type Cl. butyricum.) 

2. Butyl fermenters producing in addition ethanol, butanol and 
acetone. (‘Type Cl. acetobutylicum.) 

3. That section of 2 in which acetone is reduced to zsopropanol. 
(Type Cl. butylicum.) 

Table 3 shows the products of fermentations in each of these 
groups. It is probable that the fermentation of group 1 represents 
the parent primitive type and suggests that the production of the 
alcohols, acetone andvsopropanol appears as a result of additional 
enzymes acquired motxrecently in special conditions of nutrition. 


1 Woods & Clifton, 1937. 2 McCoy et al., 1930. 
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TABLE 3 


FERMENTATION OF 2% GLucosE (IN YEAST WATER) BY GROWING CULTURES 








Percentage of glucose fermented 











Products Cl. butyricum* Cl. aceto- Cl. butylicum* 
* butylicum?* 

CO, . 46°9 54'0 54°9 

oe ee ; ‘ 2°65 I'5 orl 
Formic acid : ° none none trace 
Acetic acid . : ‘ 26°9 4°7 I'O 
Butyric acid . > 27°9 2'1 o'9 
Lactic acid . ‘ : none trace none 
Ethanol 4 ; P Zn 2°4 29 
Butanol > , ee 23'0 28'1 
Acetone. ‘ ‘ na 7 o-2 
Isopropanol P , J none 9:2 
Acetoin ‘ * : a 3°1 none 


* Reported as Granulobacter saccharobutyricum. 


Thus Cl. acetobutylicum when growing on maize meal produces its 
full complement of fermentation products, but if grown on a 
medium of salts, casein digest, glucose and asparagine or ammon- 
jum phosphate it produces no (or traces only of) butanol or acetone 
and reverts to an acid fermentation resembling that of Ci. 
butyricum. 

The fermentation becomes complete with respect to the missing 
products when the medium is enriched with yeast autolysate, 
tryptic digest or autolysate of liver or tryptic digest of maize meal. 
These addenda all work at an optimum concentration above and 
below which their effectiveness falls off till it reaches zero. It is 
also necessary to replace ammonium phosphate by asparagine.® 4 
The complete medium equivalent to maize meal is found in 
Appendix (Medium III). 

Fig. 6 shows (in agreement with previous observations on this 
and related organisms) that during the early stages the fermenta- 
tion is an acid one and that the secondary products (acetone and 
butanol) occur only after the pH has fallen to about 6:0. More- 
over it has been shown that if the fermentation is kept neutral by 
the addition of CaCO, or NaHCO, no solvents are formed.® ° 
Simultaneously with the appearance of butanol and acetone, 
butyric and acetic acids decrease, indicating that they are the pre- 
cursors of butanol and acetone. This is substantiated by the addi- 
tion of these compounds to an active fermentation of glucose when 
the yields of butanol and acetone rise correspondingly.’ Aceto- 

1 Donker, 1926. 7% Vander Lek, 1930. 3 Davies & Stephenson, 1941. 

4 Tatum et al., 1935.  ° Bernhauer et al., 1936. ® Osburn et al., 1937. 

7 Ibid., 1938. 
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? : 
acetic acid added to a fermentation appears as acetone. Pyruvic 
acid is fermented by these organisms mainly to acetic aoe 
acetone and acetoin,? or to acetic acid, butyric acid and acetone; 


204 (100)45:0 Glucose 
184 (90)44-5 oH 
hol 
: tyl alco A 
e 16] (80) 40 a Buty 
= A 
— 2 
3 14 (70) 35% 
ar ae lie 
S — 
>! ANY. ieee 
oe S = 
S = S$ 
9 104% (50)42538 
' 3 £ a 
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O Ace}; e 
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° 
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Fic, 6.—Fermentation of glucose by Cl. acetobutylicum— 
course of reaction 


a cell-free preparation of Cl. butylicum (obtained by extracting 
frozen cells with water) decomposed pyruvic acid thus :5 


CH, .CO.COOH + H,0 = CH,. COOH + CO, + H, 


The reaction was shown to be improved by liver extract and depen- 
dent on phosphate and is probably a phosphorolysis. 


Evidence from the use of washed suspensions 


The use of washed suspensions was for long rendered impos- 
sible in the case of Cl. acetobutylicum by the rapid falling off in 
enzyme activity after centrifuging and suspending in buffer. This 
was eventually surmounted by using as the suspending fluid® the 
complete growth medium from which glucose had been omitted. 
Cells prepared in this way showed a curious qualitative variation 
in fermentative ability ; those harvested early in the growth period 

1 Johnson et al., 1933. 2 Ibid. 8 Davies, 1942. 


4 Davies & Stephenson, 1941, Biochem. yA AF 
5 Koepsell & Johnson, 1942. ® Davies & Stephenson, 1941. 
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fermented rapidly but produced no solvents, whilst those har- 
vested after the appearance of acetone in the growth medium pro- 
juced a complete fermentation (see Table 4). 


TABLE 4' 


Brrect oF AGE OF CULTURE ON ACETONE PRODUCED (a) IN THE CULTURE MEDIUM, 
(b) py CELL SUSPENSIONS PREPARED FROM IT 


Age of « Growth Percentage of Acetone Acetone formed 
culture mg./ml. glucose in culture by cell suspensions 
hr. dry wt. fermented mg./ml. mg./ml. 


0291 5°0 none none 
0-965 11°8 none none 
1°*300 25°3 0°038 0"090 
1°340 33°9 0090 Or154 
1°300 38°0 O123 o"190 
1°240 40°2 0°163 Oli! 
1°350 41°6 o181 o'ogI 
1°085 448 0°193 o'251 
0°695 wb 0°707 0082 





The mechanism by which butyric acid is reduced to butanol in 
the latter part of the fermentation is not very clear. The fact that 
this occurs only at acid reactions indicates that the undissociated 
acid forms the reductant. The reducing agent is not certain. 
This organism possesses no dehydrogenases for succinic or formic 
acids or for ethanol, but it has a powerful hydrogenase, and 
dehydrogenases for glucose and pyruvic acids. Hydrogen, how- 
ever, does not reduce butyrate in the presence of the organism.? 
Indirect evidence obtained by adding fresh glucose to a fermenta- 
tion after about half the original glucose had disappeared and com- 
paring the butanol produced with that of the uninterrupted fer- 
mentation indicates that glucose—or possibly triosephosphate— 
serves as the hydrogen donator for this reduction. No evidence 
was obtained that pyruvate functions in this way with Cl. aceto- 
butylicum,* though in the case of Cl. butylicum it has been shown 
that pyruvic acid can reduce butyric acid at pH 48 but not at o:2.° 

The immediate precursor of acetone is certainly acetoacetic 
acid.® Cl. acetobutylicum grown on the complete medium for ace- 
tone production rapidly decarboxylates acetoacetic acid. From 
acetone-treated cells an enzyme acetoacetic acid decarboxylase has 
been extracted by water in the presence of caprylic alcohol ; the 
enzyme was purified by adsorption on to alumina Cy, elution 
and fractional precipitation by (NH :)29O, and ethanol. The final 
product had a Q¢,, of about 4 x 10°. The enzyme tends to disso- 
ciate at low concentrations into enzyme and coenzyme. The latter 


1 Davies & Stephenson, 1941. 2 Davies, 1942. 3 Ibid. 


4 Brown et al., 1937- 5 Johnson et al., 1933. 
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has not been identified but is related to, though not rag ie 
diaphorase ; evidence points to its possible identity with ribo- 
flavin phosphate. ape } 

The origin of acetoacetic acid from acetic is obscure. se 
acid added either to a glucose or to a pyruvate fermentation greatly 
increases the yield of acetone * % 4 (see Fig. 7). 
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Acetate 


Fic. 7.—Effect of acetate concentration on acetone production by 
Cl. acetobutylicum (Weizmann). The reactions were carried out 
in Krebs vessels containing 2 ml. M glucose or 1 ml. 0-6 M 
pyruvic acid, 5 ml. cell suspension (15 mg. dry wt./ml.) and 
sufficient 2M acetate buffer pH 5:0 to give final acetate concen- 
trations of nil, M/20, M/10, M/s, M/2, and M; the total 
volume was made up to 20 ml. with water. Gas phase H,; 
temp. 38°. Incubated for 18 hrs. and then analysed for acetone. 
o—o Pyruvate as substrate (acetone mg./ml.), e—e Pyruvate 
as substrate (acetone mols./mol. pyruvate fermented). x—x 
glucose as substrate (acetone mg./ml.)® 


Acetate added to cell suspensions does not give rise to acetone 
so it is probable that the simultaneous fermentation of hexose or 
pyruvate is needed to provide the necessary energy. 

The possibility that acetoacetic acid might arise from the con- 


densation of acetate with pyruvate to form acetopyruvate has been 
tested with negative results. 


1 Davies, 1943. 2 Reilly et al., 1920. * Bernhauer & Kurschner, 1935. 
4 Davies, 1942. 
5 Davies, ‘‘ Studies on the Acetone-B 


: sty: utyl Alcohol Fermentation,” Biochem Fi 
1942), 36, 592. 
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2H, .CO.COOH + CH,;COOH = CH,;.CO.CH,.CO.COOH 
H,O 
*H,.CO.CH,.CO.COOH + H,O =CH,.CO. CH,. COOH 
+CO,+H, 
Acetopyruvic acid was added to actively fermenting glucose and 
naize meal. In neither case was it fermented but in both cases 
t inhibited the carbohydrate fermentation.? 

The uncertainty concerning the main problem in these fermen- 
ations, viz. the origin of the 4-carbon compound butyric acid, 
ybviously called for the application of a fresh technique. This has 
seen supplied by the use of heavy carbon compounds. Fermenta- 
ions of maize mash by Cl. acetobutylicum and Cl. butylicum have 
seen carried out in the presence of added intermediates with one 
yr more labelled carbon atoms. The end products of the fermen- 
ation with the percentage of C1* in each were estimated by the 
isual methods. The results of this important investigation are re- 
corded in Tables 5,6and 7. The percentage excess of the C’* and 
the percentage recovery of the total added C?* in each fermenta- 
tion product together supply the relevant data on which deduc- 
tions from the experiment are based.* 


TABLE 5° 
JISTRIBUTION OF C!3 or CH;.C!30OH AMONG THE PRoDUCTS OF FERMENTA- 
TION BY THE ButyL ALCOHOL BACTERIA 
Medium : 100 ml., 3°75 g. maize meal, 5°77 mM K,HPO,, 6:15 mM 


CH,.COOH ; in addition 0-1 g. Bacto yeast for Cl. butylicum. 
tint tlie ee EE 











Cl. acetobutylicum Cl. butylicum 
La ree 
Re- Re- 
C}# in Ci in covery C}* in C** in covery 
excess excess | of C1 of excess excess | of C!* of 
of of added of of added 
normal normal acetic normal normal acetic 
acid acid 
mM % mM % mM % mM % 
cetone : 5°04 o'72 o-109 | 15°0 — = = — 
opropanol. —_ — _— — 5°38 0°84 | 0136 | 19°0 
utanol ‘ 8-19 1°25 o*410 55°0 6°37 1'20 | 0:308 | 43°0 
thanol ‘ 1°89 0°54 0°020 3'0 0°23 o"70 0'003 o'4 
cetic acid . 4°40 0°43 0'038 50 1:06 0°24 | 0°005 raze) 
utyric acid o'75 0°70 | O'021 30 3°36 O'17 0°023 3°0 
ormic acid 0°36 o'14 0°002 03 o"10 o'10 | 0000 oo 
2 35°40 0°38 0°135 18:0 | 35°00 0°53 0186 26°0 
iltrate 15*60* | 0-80 0013 2'0 | 34°40* | 0°05 O'O17 2'0 
olids 15‘10* | 0°05 | 0°008 ‘0 — —_ aie ais 
Totals | 0°756 | 101°0 Totals | 0°678 | 94:0 
cetic acid 
added 6°15 6-09 0'749 —_ 6°15 5:87 | 0722 — 


nM of C in fraction from fermented medium following removal of volatile compounds, 
1 Davies, 1942. 2 Wood et al., 1945. 8 bid. 
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TABLE 61 
DIsTRIBUTION OF C18 OF CH,.C13H,.CH,.C!30OH AMONG THE PRODUCTS 0! 
FERMENTATION BY THE BuTyL ALCOHOL BACTERIA 
Medium: 45 ml., 1°70 g. maize meal, 2°15 mM KH,PO,, 2°43 mM 
CH,.C#3H,.CH2.C#OONa ;_ in addition 0-05 g. Bacto yeast extract for 
Cl. acetobutylicum. 
rr IEEE 


94 




















Cl. acetobutylicum Cl. butylicum 

Re- Re 
C23 in C## in covery C}3 in Crim cove 
excess excess | of C18 of excess excess | of C} 
of of added of of add 
normal | normal | butyric normal | normal | buty 
acid aci 
mM % mM vA mM % mM y 
Acetone : 1°47 0°04 | 0'002 2 — — —_— — 
Isopropanol. — — — — ie 9 008 | 0-004 ‘ 
Butanol : 4°98 o's "102 84 4°70 0°53 o"100 8: 
Ethanol , 0°68 0°04 | O'0OI I o19 aa — = 
Acetic acid . 2°65 0°02 a —- 1°29 0:06 0002 ‘ 
Butyric acid 1°03 0°38 0016 13 1°47 0:07 0°004. 4 
CO tn ~ | 1050 o'ol —_ _ 14°90 O'ol —- — 
Filtrate on leIi7s20. IO O2 — =: 19°98* | —o-or —_ = 
Solids . | 17:00* | 0-00 — — 22°00* | —o-o1 — = 
Totals | 0-120 100 Totals | o-110 91 

Butyric acid 
added . 2°43 1°24 O'I2I — 2°43 1°24 o'I2I — 

TABLE 7? 


DISTRIBUTION OF C}3 or CH;.C!30.CH, AMONG THE PRODUCTS OF FERMENTA: 
TION BY THE BuTyL ALCOHOL BACTERIA 


Medium: 60 ml., 2:25 g. maize meal, 1-69 mM of CH;.C¥0.CH, ; in 
addition 0-07 g. Bacto yeast extract for Cl. acetobutylicum. 








Cl. acetobutylicum Cl. butylicum 
; Re- Re 
C?* in C23 in covery C** in C## in cove 
excess excess | of C1 of excess excess | of Ct 
of of added of of addi 
normal | normal | acetone normal normal | acetc 
mM % mM % m | % | mM (9 
edie - 3°72 0°26 | 0-029 81 O'31 0°23 0002 P 
sopropanol. — — — — 3°85 0:28 | 0-032 89 
Butanol rede: os leas 521 
Ethanol . | 1-05 : i] O'1ll meg 7, 7 
Acetic acid . 1°49 es 0°40 
Butyric acid | 0-26 - er. 018 ors van “7 
CO, . «| 21°20 0°02 — — 18-20 — — — 
Filtrate ; 27°70" 000 — = 30°30* |—o.01 = =. 
Solids 7) 30°60 0°00 — — |20°70* |—o-or — — 
Totals | 0-029 81 Totals | 0-034 94 
Acetone 
added .| 1°69 0°72 | 0:036 ~ 1°69 0:72 | 0:036 = 


* mM of C in fraction from fermented medium following removal of volatile c 


1 Wood et al., 1945. 2 Ibid. oa 
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In Table 5 is shown the distribution of the C!% of the acetic 
wcid added to the fermentation. In both fermentations about half 
he C*’ was found in the butanol. This immediately disproves the 
dea that added acetate is quantitatively converted to acetone or 
sopropanol. However, these products contained a substantial 
fraction (15°, and 19% respectively) of the C13, and the CO, con- 
tained in each case slightly though not substantially more (18% 
and 26%, respectively). ‘This is in agreement with the production 
»f acetone by the condensation of 2 mols. of acetic acid to aceto- 
acetic acid and its subsequent decarboxylation. The acetic acid 
itself contained only 5°% and 1% respectively of the C1% of the 
acetate added, showing that the greater proportion of the latter was 
built into other compounds and its place taken by acetic acid from 
the fermented starch. The high content of C1* in butanol as com- 
pared with butyric acid is explicable on similar lines ; the butyric 
acid first formed would have contained the greatest content of C18 
and become continuously diluted with butyric acid formed from 
fermentation acetic. Some C}!% appeared in the ethanol, showing 
that this is derived from acetic acid, but less than in the case of 
butanol. This may indicate a dual origin of ethanol or formation 
at a later stage of the fermentation. 

The experiment with added CH,.C'H,.CH,.C'™OOH 
showed that 84% and 83% respectively was reduced to butanol. 
The small amount found in acetone and ethanol may be due to 
the reversal of the reactions leading to butanol synthesis. The 
added CH, . CO1*. CH, appeared as such mixed with fermenta- 
tion acetone in the case of Cl. acetobutylicum and as isopropanol 
with Cl. butylicum ; this is in accordance with previous evidence. 

These experiments confirm previous work by other methods but 
supply in addition strong evidence that butyric acid arises from 
acetic through an unknown intermediate. The identity of this 
intermediate is still unknown. The possibility that acetoacetic 
acid may, in the early stages of the fermentation, be reduced instead 
of decarboxylated has been tested with negative results.’ 


Lactic fermentation 

Lactic acid forms an important unit among the products of many 
fermentations ; it is, moreover, the only product of the fermenta- 
tion of muscle. It is also noteworthy that many organisms pro- 
ducing mixed fermentations will, under conditions in which some 
of their enzymes are prevented either from being formed or from 
acting, revert to a fermentation in which lactic acid is the main 

oduct. Such, for example, are Cl. butylicum in the presence of 
CO,' Cl. acetobutylicum grown in a medium deficient in certain 

1 Davies, 1942. 1 Kubowitz, 1934. 
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constituents or maintained at an alkaline pH,! Cl. welchit grown in 
suboptimal concentrations of iron® or in the presence of carbon 
monoxide. 

We may, perhaps, therefore provisionally regard the fermenta- 
tion of hexose to lactic acid as the primitive basal form of fermenta- 
tion from which other fermentations have arisen by the develop- 
ment of subsidiary enzymes. There exist, however, a number of 
organisms which produce lactic acid as the main or sole fermenta- 
tion product; these are most of the gram-positive cocci and z 
group, also gram-positive, of lactic bacilli. Where lactic acid is the 
sole product the organisms are known as homofermenters; where 
small quantities of other products also occur the organisms are 
known as heterofermenters. It is now becoming increasingly 
apparent that the distinction between these latter is not very cleat 
and that many so-called homofermenters may in certain conditions 
change over to heterofermentation. As, however, certain homo- 
fermentative organisms have clearly defined characters it may be 
well to consider some of these. 

Among Lactobacilli derived from milk are groups distinguished 
by their respiratory systems. 


The homofermentative lactic acid bacteria 


A representative example of this group is L. delbriickit.3 This 
organism is distinguished by the absence of all hematin pigments 
and hence of cytochrome and cytochrome oxidase and catalase. It 
has, however, considerable amounts of a flavoprotein enzyme, in 
virtue of which it can oxidise glucose and lactate aerobically. 
Glucose is oxidised with production of H,O,, which rapidly poisons 
the organism, causing the oxidation to fall off. 


CeH,,0, +:6H,O + 120, = 6CO, + 12H,0, 


The addition of catalase to the system protects the enzyme from 
deterioration and allows the oxidation to proceed. Lactate and 
pyruvate are also oxidised with production of H,O,, these oxida- 
tions being less sensitive to the poison than the glucose oxidation. 
—CN and CO do not appreciably inhibit oxidations by this 
organism.4 

An interesting variant on this type of metabolism is L. casei F 
like L. delbriickit it lacks hematin pigments and has no catalase, 
but it appears to have no oxidising system at all. Hence no H,O, 
is formed ; oxygen is not toxic but behaves as an indifferent gas. 
These characteristics were established for two strains—whether 
they are true of all is uncertain.® A third type of lactic organism 


* Davies & Stephenson, 1941. 2 Pappenheimer & Shask 
* Meyerhof & Finkle, 1925. 4 Davies, 1933 (1; a). * This (rors (ays 
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yas reported under the name of Bact. cereale and seems to have 
_ different type of respiration, as it has a respiratory system 
nhibited by —CN and CO and does not appear to produce 
1,0,. It would seem, therefore, to possess hematin enzymes and 
robably catalase. ! 


Shange from homo- to heterofermentation 

It has been shown in the case of growing cultures of Strepto- 
occus liquefaciens that a change in the balance of fermentation pro- 
lucts can be induced by growing at different values of pH.? 
[able 8 shows that the change from pH 5:0 to g-o alters the charac- 
er of the fermentation from one which is predominantly lactic to 
he mixed type. 

Many lactic organisms have been shown to ferment citric acid 
nd use the energy thus liberated for growth in place of that 
lerived from carbohydrate. * 


TABLE 8 
Errect oF pH ON THE PRODUCTS OF THE FERMENTATION OF GLUCOSE BY 
Str. liquefaciens 815 


Medium 1% tryptone, 0°2% yeast extract, o'r % K,HPO, and 1% glucose. 
Experiments carried out at pH indicated. Products in mM of C; (glucose 
x 2). Conditions semi-aerobic. 


mM per 100 mM of C, (glucose) 
fermented 


Lactic acid . 


Acetic acid . 
Ethanol 

Formic acid . 
Carbon recovered, % 





[he co-ordination of fermentation and aerobic oxidation of carbo- 
hydrate : the “ Pasteur Effect” 

It was characteristic of Pasteur’s genius to give a somewhat 
ntuitive interpretation of his experiments and so to postulate the 
xistence of phenomena of great importance which his actual 
xperiments and the technical equipment of his time were insuffi- 
ent to prove conclusively. An example of this faculty is his dis- 
covery that alcoholic fermentation is diminished in the presence 
f air, a phenomenon now known as the Pasteur Effect. Pasteur’s 
yuantitative experiments on the fermentation of sugar by yeast led 
tir to the view that the main factor controlling fermentation was 
xygen supply. In his first experiments,* sugar solution with a 
mall amount of protein (the latter as food for the growing yeast) 


1 Davies, 1933 (1). 2 Campbell & Gunsalus, 1944. 3 Ibid. 
4 Pasteur, 1861 (1). 
H 
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was placed in a flask from which air was expelled by boiling and 
which was then closed by a mercury seal and sown with a particle 
of yeast. A similar solution was exposed to the air in a thin layer 
at the bottom of a flask and likewise sown with yeast. In the 
comparatively anaerobic conditions of the first experiment the 
growth of the yeast was slow, but the breakdown of the sugar was 
rapid; in the aerobic conditions of the second experiment the 
converse was the case. A quantitative comparison of the yeast 
formed and sugar broken down in the two cases showed that for 
the production of 1 part of yeast 4 to ro parts of sugar sufficed in 
aerobic conditions, whilst 60 to 80 parts were needed in anaerobic 
conditions. Pasteur regarded the excessive breakdown of sugat 
(ie. “ fermentation”) as a direct result of the absence of free 
oxygen. He says: 

The little cell known as brewers’ yeast can develop by assimilating 
free oxygen so actively that this may be said to be its normal mode of 
existence, and, in so doing, it loses its fermentative character. . . . Since 
brewers’ yeast assimilates oxygen so actively in the free state it proves 
that the cell requires it in order to live, and that, therefore, if this 
element cannot be obtained in the free state, it must be taken from the 
fermentable material; the cell (“‘ plante’’) then appears to us as an 
agent for the breakdown of sugar.? 


Later experiments confirmed Pasteur in his views, and led him 
to enlarge his theory. The following data (Table 9)? may be 
taken as examples of the experiments on which he based his 
conclusions : 

TABLE 9 
EFFECT OF OxYGEN SUPPLY ON RATIO YEAST FORMED/SUGAR CONSUMED 

















Cone.| Vol. Initial | Wt.of | Wt. of | ,Yeast 
Conditions of of wt. of sugar yeast formed _ 
sugar, sol., sugar, used, formed, Sugar 
% ce. gm. gm. gm. used 
Very aerobic, 3 days | 5:0 200 10°O 10°0 0°44 +| 0044 
Moderately aerobic, 

9 days : ae Seo 3000 | 150°0 | I50°0 1°970 | O'013 
Anaerobic, 19 days 5°0 3000 | 150°0 | 145°5 1°368 | o-0094 
Very anaerobic, 3 

months. <o) 50 3000 | 150°0 45°0 0255 | 0:0056 
Very aerobic, 2 days | 0°86 200 1°72 1°04 07127 | o:122 
Same, 24 hours . | 086 200 | 1°72 0098 | 0:024 | 0-24 








The theory of fermentation to which Pasteur was led by these 
and similar experiments is best conveyed by a translation of his 
own words :3 


1 Pasteur, 186 g 2 Tbi 7 i 
a hie i ae (1) Ibid., Etudes sur la Biére, chap. vi. 
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The inferences to be drawn from the preceding facts must be clear to 
everybody. For my own part I cannot help seeing in them the basis of 
the actual theory of fermentation. In the experiments that I have just 
described fermentation by yeast . . . appears as the direct result of the 
work of nutrition and of assimilation, that is of life, carried on in the 
absence of free oxygen. The heat! used in this work must necessarily 
be derived from the decomposition of fermentable material, that is from 
the sugars, which, like explosive substances, liberate heat on decomposi- 
tion. Fermentation by yeast, therefore, seems to be closely related to 
the power possessed by this little cell of respiring in some way by means 
of the oxygen combined in the sugar. Its fermenting power (which 
must not be confused with fermenting activity or with the intensity of 
decomposition in a given time) varies considerably between the two 
limits fixed by the highest and lowest degrees in which it is possible for 
free oxygen to participate in the nutrition of the plant. If it is supplied 
with sufficient free oxygen for its life, nutrition, and respiratory combus- 
tion—in other words, if it is made to live like the ordinary moulds—it 
ceases to be a ferment, that is to say, the ratio between the weight of the 
plant and the weight of the sugar, which is its main source of carbona- 
ceous food, is of the same order as in the case of the moulds. If on the 
contrary the yeast is deprived of the influence of air and made to 
develop in a sugar medium in the absence of free oxygen, it multiplies 
therein as if air were present, though less actively, and it is then that its 
fermentative character is most exaggerated and that the greatest differ- 
ence exists, other things being equal, between the weight of yeast 
formed and the weight of sugar decomposed. In fact, if free oxygen 
participates in varying quantities, one can cause the fermenting power 
of the yeast to pass through all the stages between the extreme limits 
which we have just indicated. It seems to me that it could not be better 
established that fermentation is in direct relation to life when the latter 
is carried on without free oxygen, or in amounts of this gas which are 
insufficient for all the processes of nutrition and assimilation. 


In examining closely this highly teleological interpretation of 
the phenomena of yeast fermentation, it must be admitted that 
the experimental evidence was insufficient to support the structure 
built upon it. For example, it is clear that Pasteur failed to dis- 
tinguish between the requirements of the cell for oxygen as such 
and for energy. The proportion of oxygen in sugar is actually 
higher than in the average yeast cell, so no excessive breakdown 
of the former is necessary to supply the oxygen for the construc- 
tion of the latter. The absence of free oxygen, however, deprives 
the cell of its readiest means of obtaining energy by the complete 
combustion of its organic substrate, and drives it to the more 
expensive method of incomplete combustion and anaerobic break- 
down. Fermentative processes therefore serve the cell as a means 
for obtaining energy rather than oxygen. Pasteur regarded oxida- 


1 Chaleur, which should perhaps be translated energy. 
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tion and fermentation as alternative modes of life, the degree to 
which the one predominates over the other being governed by the 
oxygen supply—strict anaerobiosis resulting in pure fermentation, 
free aeration leading to complete oxidation. Pasteur’s own experi- 
ments did not provide conclusive evidence for this view which has, 
however, been supplemented by later work. It is now known as 
the Pasteur Effect, the modern definition of which is the inhibition 
of fermentative breakdown caused by the utilisation of oxygen or 
respiration. The pertinent values in the case of yeast are as 
follows : 


Qo, (buffer) measuring endogenous respiration and indicating 
oxidative capacity. 

Qoz (glucose) measuring oxidation of glucose (++ endogenous 
respiration). 

Q*?, (glucose) measuring anaerobic fermentation. 

Qt. (glucose) measuring fermentation in air. 


Now if the result of carrying out a fermentation aerobically 
were to cause the oxidation of the anaerobic product of fermenta- 
tion, e.g. alcohol or lactic acid, to completion, without any other 

air 


effect on fermentation, the Q%5, would be greater than the Qé3, 
owing to the additional CO, produced by the reaction 


C.H;OH + 30, = 2CO, + 3H,O 


Actually, however, in all types of yeast the Q$3, is greater than 


the Q%>., showing that oxygen actually represses fermentation ; 
a similar phenomenon is observable in lactic fermentation. A 
measure of this repression is given by the formula 


No air 
(0%, = 0.) 3 

Qoz 
which represents the number of glucose molecules inhibited from 
fermentation per mol. O, taken up ; this is known as the Meyerhof 
Quotient. 

From Table ro it is seen that the more naturally aerobic types 
of yeast have a relatively high Qo, and correspondingly low 
Meyerhof Quotient, and that they tend to turn over more com- 
pletely from fermentation to respiration in response to oxygen 
supply. 

_ It has been pointed out by Meyerhof! that 1 atom of oxygen 

inhibits the formation of 1 molecule of ethanol ; but if each mole- 

cule of ethanol were oxidised to completion 6 atoms of oxygen 

would be required instead of 1. The suggestion is therefore 
1 Meyerhof, 1942. 
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TABLE 10! 
MEYERHOF QUOTIENTS 


Meyerhof 
Quotient 


Organism N N air Inhibiti 
2 2 nhibition 
200, (2c6, Qco,)3 % 


Wild yeast 

Bakers’ yeast . 
Brewers’ yeast 

L. cereale 

L. delbriickii . 

L. casei : 
Prop. pentoseaceum . 





that when oxygen is admitted into the fermentation acetaldehyde 
(or pyruvic acid) is not reduced by dihydrocozymase but instead 
oxygen is reduced to water. Consequently the ratio between 
atoms of oxygen consumed and molecules of ethanol suppressed 
is 1:1. This explanation, however, sheds no light on the fate of 
the acetaldehyde or pyruvic acid, which remains unreduced. It is 
certain that they do not accumulate as such and if they disappear 
by oxidation the 1 : 1 ratio of atoms of oxygen consumed to mols. 
of ethanol suppressed would no longer hold. Both aerobically and 
anaerobically dihydrocozymase is oxidised to cozymase ; the latter 
is again reduced by the oxidation of phosphoglyceraldehyde to 
phosphoglyceric acid (reaction 8), a reaction catalysed by triose- 
phosphate dehydrogenase, but other oxidoreductions in the fer- 
mentation cycle could also play this part. Another way in which 
oxygen may bring about the Pasteur Effect is by inhibiting one or 
more of the enzymes of the glycolytic cycle. It has been shown, 
for example, that triosephosphate dehydrogenase is inhibited by 
the presence of oxygen and reactivated by —SH.? 

It has also been shown that certain redox indicators inhibit 
reaction 4 leading to the formation of hexose diphosphate. * Fol- 
lowing this it was shown by Engelhart and Sakov‘ that the fermen- 
tation of hexosediphosphate was almost unaffected by redox indi- 
cators, e.g. indophenolsulphonate 0-125 M, whilst the fermenta- 
tion of glucose was seriously inhibited. ‘This suggested that the 
point where oxidation inhibits fermentation is prior to reaction 5. 
It was shown that reactions 1, 2 and 3 were also insensitive to 
oxidation and finally that the sensitive enzyme was 4, i.e. phospho- 
hexokinase which phosphorylates the Neuberg ester, fructose 
monophosphate, to the fructose diphosphate. The inhibition first 


1 Lipmann, 1942. ? Rapkine, 1938. 
* Michaelis & Smythe, 1936. 4 Engelhardt & Sakov, 1943 
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demonstrated with redox indicators was shown to occur with other 
oxidising agents such as iodine, quinone and dehydroascorbic 
acid; more important was the fact that cytochrome plus cyto- 
chrome oxidase completely inhibited the transphosphorylation 
process. Any such inhibition would be expected to lead to the 
accumulation. of some previously occurring intermediate; no 
example of this seems to have been reported. parte beh 

The demonstration by Engelhardt and Sakoy that the inhibition 
of phosphohexokinase can be brought about by cytochrome and 
cytochrome oxidase seems to render the postulation of a special 
Pasteur enzyme unnecessary,' but there must clearly be alternative 
oxidising mechanisms in operation since L. delbriickii displays the 
Pasteur Effect whilst containing no hematin enzymes. Probably 
the flavine enzymes here effect the oxidation. A contributory 
factor may well be the effect of oxygen in oxidising the thiol com- 
pounds of the cell, whose function, whilst in the reduced state, 
seems to be to protect systems inactivated by oxidation.* * * — 

The energy relations of the change from fermentation to oxida- 
tion has been discussed by Lipmann,® who gives the following 
figures : 


(CAn her — 60, — 6CO, a 6H,O 


— AF = 686 cals. 
C,H,,0, = 2C,H,OH + 2CO, 
or 
== 2CH 7 CHOHMCOOE 
— AF = 54 cals. 
— AH = 36 cals. 
3C,H,,.0, = 4C,H,COOH + 2CH, .COOH + 2CO, 


+ 2H,O 
— AF/3 = 79 cals. 
— AH/3 = 61 cals. 


Thus in the case of lactic and alcoholic fermentations 7-9% of 
the total free energy made available by oxidation is obtained by 
fermentation, whilst in propionic fermentation, owing to the dis- 
mutation occurring between lactic acid molecules, the yield is 
I1°5%- So in anaerobic conditions the cell adopts a relatively 
wasteful system of breakdown which is immediately inhibited 
when oxygen becomes available. The more complete this turn- 
over the more efficient the growth processes of the organism. 


1 Stern & Melnick, 1941. 2 Quastel & Wheatley, 1932. 
3 Rapkine, 1938. 4 Rapkine & Trpinac, 1939. 
5 Lipmann, 1942. 
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Acetic FERMENTATION! 


_The production of vinegar from alcoholic residues is an ancient 
iological industry, probably nearly as old as alcoholic fermenta- 
ion itself. That it was due to a living organism was suspected as 
arly as 1837,? though the nature of the agent was not clear till 
he matter was studied by Pasteur in 1862-4. 

Owing to the wide distribution of the vinegar industry many 
rganisms have in the course of time been isolated from vinegar 
ats; all these are highly aerobic and all oxidise ethyl alcohol to 
cetic acid. This oxidation is, however, only one of many of which 
hese organisms are capable. It was early shown by A. J. Brown, 
yorking with Bact. aceti and Bact. xylinum, that other alcohols 
vere similarly oxidised, e.g. propyl alcohol and glycol to propionic 
nd glycollic acids respectively, glucose to gluconic acid and man- 
tol to fructose. These three reactions exemplify the principal 
ypes of oxidation brought about by acetic bacteria, viz. primary 
Icohols and aldehydes to carboxylic acids and secondary alcohols 
o ketones. Strictly speaking these reactions are not fermentations 
yut specific oxidations which stop short of completion ; common 
isage classes them as fermentations and they are included here for 
convenience. Great advance in our knowledge of these oxidations 
yas due to the classical work of Bertrand’ on the sorbose bacillus 
since identified as Bact. xylinum). He isolated this organism from 
ermented juice of the berries of the Mountain Ash (Sorbus aucu- 
saria and other varieties). After fermentation by yeast the juice 
isually becomes infected with the sorbose bacillus through the 
wency of a small red fly. This organism was found to oxidise sor- 
yitol to the corresponding ketone sugar sorbose. Bertrand then 
made a detailed study of the action of the bacillus on a number of 
ilcohols by growing it in 2% solutions of these in 5% extract 
of yeast. The organism was found to be highly selective, certain 
alcohols being attacked whilst closely related compounds were 
untouched; the products of oxidation were obtained in good 
yield, analysed and identified. Table 11 summarises the results. 
A comparison of the formula of the alcohols attacked and left 
respectively led Bertrand to the conclusion that only secondary 
alcoholic groups are vulnerable and that the group attacked must 
be in position 2 and adjacent to another hydroxyl group and not 


to a hydrogen atom : 


H H OH OH 1 
oxidised \| 
CH,OH. ‘ae eH OF . ct CH,OH. ¢—c— 
to 
JH H OH H OH 
Attacked Unattacked 
1 Butlin, 1936. 2 Kiitzing, 1837. 3 Pasteur, 1863 (2). 


4 Brown, 1886, 1887. 5 Bertrand, 1904. 
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TABLE 11 


ALCOHOLS OXIDISED TO KETONES BY THE SORBOSE BACILLUS 


Substrate 


Ethylene glycol 
OH 


OH 
HCC 
HoH 
Glycerol 
H 
CH,OH—¢_CH,OH 
OH 
i-Erythritol 
H 
cH,on_¢_¢_cH,0H 
bu OH 
i-Xylitol 
OH H 


contd 4 on on 
duu én 

Arabitol 
OH OH H 

CH,O ri ey eee 20H 
H ou OH 


l(—)-Sorbitol 


0 
oO 
a) 
os 
ee 
r— 


d(—)-Mannitol 


a0 
en) 
fe) 
en 
eo) 
en 


[soe La 
CH,OH—C—c—¢—¢_cH 01 
on OHH Ht 


Product 


Not attacked 


Dihydroxyacetone 


CH,OH—C—CH,OH 
I 


l(+-)-Erythrulose 


CHO et ce 
I 
O OH 


Not attacked 


** Arabinulose ”’ (araboketose) 
OH 


Lon 
CH,OH—C—C——C—CH,O 


ll | | 
O H OH 


l(—)-Sorbose 
Not attacked 


d(—)-Fructose 


H 
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As in the case of other acetic bacteria, aldehydic sugars are 
oxidised to acids. The oxidation of glycerol to dihydroxy-acetone 
has been confirmed by several observers,} *, * but the subject 
received its next impetus from Hermann and Neuschul in 1931.4 
Thirteen well-defined strains of acetic bacteria were examined by 
these workers as to their oxidising powers ; the results are sum- 
marised in Table 12. All the organisms oxidise ethyl and propyl 






TABLE 12 

o 4) 

s| | 31 3| Bla. a 

sore Ol a - a=o| o2|/—2 = else 

g2|2o|£2| $2| s/s) 22) 22/22] se 

2e|25|22| 22) 55| bs] 2| 3/23 | 22 

Osi 2e|S58|em| Sul ar) a4|a7)/Aa| 8B 

oD eS eS eo =e 

bo ay = Ow 

«4 Mo] we 

Ketogenic 
Bact. gluconicum . EA SS oy ee Ge a Bd ee oe ee = 
» xylinum +/+it+]/o}+/+]+/+]o0]+4+ 
» xylinoides . ee eee et) Pe Po 
», orleanense . Siaeteioli+i4+i+i+io!] + 
», aceti (Hansen) on ee Re 0 2B at ce waa Pls coll Hy mo GS A Me op 
Aketogenic 

Bact. aceti(Henneberg) | + | o ° ° ° ol+iojfjo|;+ 
»  pasteurtanum +/+f{+]o0o ° ° ° ° ° ° 

», acetosum +i+i+]o]0 ° o|o]o;}-+* 

»»  rancens +/+ifi+)]0 ° ° ° ° ° On 
»»  ascendens +;+/+)]0 ° ° ° ° ° ° 
»  vtni acetatt +;);+i{+]{o0o ° ° ° ° ° ° 
»  Rutsingianum + ]o ° ° ° on me) ° ° ° 

5»  ascendens 

(Henneberg) tee here) Oo 0-1. O54) O }-o | ‘oO 


* T. K. Walker, unpublished. 

alcohol to acetic and propionic acids respectively; 12 oxidise 
glucose to gluconic acid and 11 oxidise arabinose and galactose 
to arabonic and galactonic acid respectively. With respect to 
the ketonic oxidations the group is divided fairly sharply into 
those capable of effecting those oxidations (the ketogenic group) 
and those without this power, but borderline cases exist. In 
addition to the ketonic oxidations shown by Bertrand others are 
now known to occur (see Table 13). It will be noticed that the 
oxidation of d-glucose to d-2-gluconic acid forms an exception to 
Bertrand’s rule enunciated on page 103. 

Not included in Table 13 is the reported production of oxalic 
acid by various strains of acetic bacteria from a number of com- 
pounds, chief of which are the following: glucose, fructose, 
galactose, maltose, sucrose, lactose, raffinose, rhamnose, arabinose, 


1 Virtanen & Barland, 1926. 2 Visser’t Hooft, 1925. 
# Bernhauer & Schén, 1928. 4 Hermann & Neuschul, 1931. 
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TABLE 13 
Substrate Product 

Propylene glycol ES Acetol? _—C_CH,OH 

CH —d cu 20H b 

OH 

Lactic acid 2 Pyruvic sat OM COOH 

CH —¢_coon b 
B Ss A cas 

utylene aye ~ cetoin 2 
CH. —¢—¢_—cH CHy-C—C—cH, 
i-Adonitol ae ** Adoninulose 8 iaeatckeesen) 
1s Be ope hay Ast 


Maybe =) | 
CH,OH—C-——C——C—CH,0H cu,on—c—¢—d_cH,0n 


Ih ssech 
H OH bu O OH OH 


a-Glucoheptitol a-d( —)-Glucoheptose* 
Hae sworn tt ie eshe 
CH,OH-C— : me eye: 2OH |CH Sanh iy Th 20H 
| 
Hi On SH7OH-OH OH H OH OH 
d(+-)-Glucose d-Gluconic acid® 
en Bo 
See as ak ae a SHOE iia el ae ae 
OMS OR AL oe Ors OH OH H OH 
Glucose and gluconic acid d(—)-5-Ketogluconic acid 
ees: 
Cy eee ee 
| 
O OHH OH 
Glucose and gluconic acid d(—)-2-Ketogluconic acid, ® 
Hee reecr 


| 
CH,OH—G—¢—¢_c_cOoH 
I 
O 


HOH iaG 
Glucose imiprraypienteneic acid 7, § (guluronic 
aci 
‘ieee 
| 
CHO—C——C——C——C—COOH 

| oe oo aT 

OH OH H OH 

: Kling, 19OI. 2 Cozic, 1933. 
Visser’t Hooft, 1925. 4 Bertrand & Nitzberg, 1928 (1), (2). 


5 Bernhauer & Gorlich, 1935 (1). 8 Bernhauer & Knoblauch, 1 
? Takahashi & Asai, 1931. 8 Bernhauer & Irrgang, 1935. tee 


FERMENTATION 107 


ethyl alcohol, ethylene glycol, acetic, glycollic, lactic and malonic 
acids. ‘The chemical evidence rests mainly on the crystalline 
form of the calcium salt isolated and is not conclusive, but the 
work cannot be disregarded without further investigation.* 

A reaction peculiar to certain species of acetic bacteria isolated 
in Japan? produces kojic acid in small yield from fructose and 
mannitol (0-105 g.-o-755 g. from 10 g. fructose). The only other 
species known to carry out this reaction is Bact. xylinoides, and 
then in extremely small yields. The course of the reaction is 
unknown but is certainly different from that of the Aspergillacee 
where it also occurs, since the bacteria cannot utilise 2- or 3-carbon 
compounds for this synthesis. 


CH,OH CH,OH CH,OH 
HO-C_H C=O ~ 
HOU eH > HOCH > bs ss 

fe on ft ¢_OH 130 O 
n_-¢_on ton don 


| | | 


CH,OH CH,OH CH 


Mannitol Fructose Kojic acid 


The formation of comenic acid from galactose has been reported 
for a Japanese species Gluconobacter nov. sp.” 


CHO COOH ene 
Hon i C 
d | | 
HO—C—H CH C—H 
em i] or | 
HO—C—H C=0 O C=0 O 
b d 3 | Fa 
H—C—OH eA 17 
Le ,OH ke 2 CH 
Galactose Comenic acid 


As has already been mentioned, the production of acetic acid 
from alcohol is a strictly aerobic process. Neuberg and Windisch’ 
have shown that three separate acetic bacteria (B. ascendens, B. 


. ing, 2. ® Takahashi & Asai, 1933. 
® Takahashi & Aseai, 1936. 4 Neuberg & Windisch, 1925. 
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pasteurianum and B. xylinum) may act anaerobically on acetalde- 
hyde with the production of equimolecular proportions of ethyl 
alcohol and acetic acid. Heavy suspensions of bacteria equivalent 
to o-7 g. dry weight in a litre of saline were allowed to act on 
0:2% of acetaldehyde in the presence of calcium carbonate, and 
the whole mixture saturated with carbon dioxide; that is, the 
reaction proceeded in a saturated solution of calcium bicarbonate. 
The conditions were anaerobic, and the view that molecular 
oxygen was playing no part was supported by the fact that the 
process was unaffected by cyanide. Aerobically 50% only of 
the acetaldehyde is dismuted in this way, whilst 50% is oxidised 
direct to acetic acid; thus in these conditions acetaldehyde gives 
rise to 75% of acetic acid and 25% ethyl alcohol. Neuberg and 
Windisch have suggested that where the oxidation proceeds in 
well-aerated conditions the process may be one of alternate 
oxidation and dismutation until the whole of the alcohol becomes 
oxidised to acetic acid. This is represented diagrammatically 
below : 


Ethyl Alcohol Ethyl Alcoho Ethyl Alcohol Ethyl Alcohol Ethyl Alcohe 
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It has been shown, however, by Wieland and Bertho,! that 
though a Cannizzaro reaction does actually take place in the con- 
ditions described, this reaction is probably of little importance 
in the production of acetic acid from alcohol by the living cell, 
owing to the extreme slowness with which it proceeds in compari- 
son with direct oxidation. They showed that in the presence of 
suspensions of B. orleanense both ethyl alcohol and. acetaldehyde 
could be oxidised by molecular oxygen to acetic acid ; also, re- 
peating the work of Neuberg and Windisch, that with the same 
organism in strictly anaerobic conditions a dismutation took place. 
In the latter experiment 1 ml. of bacterial suspension (15-8 mg. 
dry weight) with 1 ml. M/5 buffer at pH 5-6 + 6 ml. water 
+ 1 ml. 0-4 M acetaldehyde was dismuted to ethyl alcohol and 
acetic acid. A similar experiment was then performed aerobically 
and the oxygen uptake measured. In 160 minutes 80% of the 


1 Wieland & Bertho, 1928. 
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aldehyde was oxidised, the reaction being complete in 340 minutes, 
24°6 mg. of acetic acid being formed as against an expectation 
from theory of 24:0 mg. with an oxygen uptake of 4°48 ml. A 
direct comparison of the rates of the two processes of dismutation 
and oxidation showed that in the former 0-138 mg. of alcohol 
was formed in 2:5 hours. This would require 33-6 yl. of oxygen 
for oxidation ; hence if the oxidation of acetaldehyde were pro- 
ceeding by way of a dismutation process the rate of oxygen uptake 
should not exceed this figure. Actually, however, in aerobic experi- 
ments the uptake in the same time amounted to 1300 ul., i.e. forty 
times as much. Results of a similar order were obtained with 
Bact. pasteurianum. According to Simon,! however, the relative 
rates of dismutation and oxidation depend somewhat on reaction. 
The earlier work on which the dismutation theory was based was 
done at pH 8-1 (in the presence of calcium carbonate), whilst that 
of Wieland and Bertho was done at pH 5:5. At the more acid 
reaction dismutation was found to be at a minimum, whilst at the 
alkaline reaction alcohol was produced from acetaldehyde in 
amount equal to 8-10% of theory. 

This has been further confirmed by a study of the alcohol and 
acetaldehyde dehydrogenases and the aldehyde mutase of Bact. 
ascendens.* 

Table 14 shows clearly that at acid reactions dismutation is at 
a minimum. ‘The slight variation in pH optima of the two 


TABLE 14° 


Young cults. Old cults. 
pH optimum pH optimum 


Alcohol dehydrogenase . - 5'57-6'0 5°93-5°7 


Aldehyde dehydrogenase . 5'9- 6°5 6°3-6°6 





Aldehyde mutase optimum above pH 8-4, upper limit not deter- 
mined on account of polymerisation of acetaldehyde. 
dehydrogenases has as a result the accumulation of acetaldehyde 
in aerobic conditions with young cultures at pH values lower than 
6-0. Dismutations similar to that occurring with acetaldehyde 
occur with other aldehydes, viz. n-butaldehyde, iso-valeraldehyde, 
propaldehyde, furfural (to furfuryl alcohol and pyromucic acid) :* 


CHO \/CH,OH \/COOH 
O O 


furfural furfuryl pyromucic 
alcohol acid 


1 Simon, 1930. * Janke & Kropacsy, 1935. *Ibid., * Molinari, 1929. 
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citronellal to citronellol and citronellic acid : 
fous -CHO 

2CH,. CH CH, 
\\(CH,);- CH: G=CH, 


citronellal 


ois CH,OH // oa COOH 
CH,. CHC CH, + CH;. SE Ait 
\(CH,);. CH. C=CH, (CH,),-CH,. C=CH, 
citronellol citronellic acid 


cinnamaldehyde to cinnamol and cinnamic acid, anisaldehyde to 
p-methoxybenzyl alcohol and p-methoxybenzoic acid : 
2C,H;. CH: CH. CHO >C,H,;CH: CH. CH,OH 
- C,H,CH CH. CGR 
2CH,.O.C,H,. CHO >CH;.0O.C,H,.CH,OH 
+ CH,.0..C,H, COGS 

When Bact. ascendens acted on a mixture of acetaldehyde and 
furfural, instead of the expected mixture of ethyl alcohol, acetic 
acid, furfuryl alcohol and pyromucic acid, only the first and last 
were found. 

Although normally acetic bacteria do not effect a split of the 
hexose molecule into two 3-carbon compounds in the manner 
common to fermenting bacteria there is evidence that in special 
circumstances this may occur. Heavy suspensions of Bact. pas- 
teurianum and Acetobacter suboxydans when acting on glucose 
anaerobically produce ethyl alcohol and carbon dioxide in roughly 
equimolecular proportions.1 The course of the fermentation is 
quite obscure, but it has been shown that dried preparations 
of the organisms in question possess the following enzymes: 
carboxylase, ketoaldehyde mutase (glyoxalase), glycolase (methy! 
glyoxal was produced in about 5% yield from magnesium hexose- 
phosphate). Lactic and formic acids have been shown to occut 
from the action of Bact. xylinum on hexose. In any case the failure 
of acetic bacteria to bring about fermentations of the usual anaero- 
bic kind seems to be due to an inability to grow anaerobically 
rather than to an inability to effect anaerobic dismutation. Having 
once grown, the non-appearance of the usual fermentation product: 
may well be due to the relatively high rate of production of the 
oxidation products characteristic of the group. 

The strictly aerobic character of acetic bacteria can also be 
modified even as regards growth since it has been found that the} 
grow anaerobically on ethyl alcohol, etc., in the presence of 
reducible dyes. ? 


1 Simon, 1930. 2 Cozic, 1933. 


CHAPTER V 
NITROGEN METABOLISM 


Nitrogenous excretory products 


Many bacterial cells excrete into the medium nitrogenous pro- 
ducts of high molecular weight, both proteins and polypeptides. 
Some of the former are known to be enzymes. The earlier ones to 
be recognised as such were those which had their counterparts in 
animals and plants, such as amylase, maltase, invertase and various 
proteases. Others were first recognised in the bacterial filtrates 
as possessing poisonous properties and were known as toxins. 
Some of these have now been recognised as enzymes attacking 
vital tissues of their hosts, and thus exerting their toxic action. 
Other toxic proteins may in time be shown to be enzymes, but 
there may be others which owe their toxicity to other forms of 
action. In addition there are toxic polypeptides, the mechanism 
of whose action remains to be discovered. 


Proteolytic enzymes 

The ability to break down protein to peptones, polypeptides and 
amino-acids is not shared equally by all groups of bacteria. It is 
in the main achieved by exoenzymes excreted into the medium— 
a necessary result of the impermeability of the cell to the protein 
molecule. The families in which proteolytic enzymes most fre- 
quently occur are the Pseudomonadacee, the Bacillacee, both 
aerobic and anaerobic, and some tribes of the Enterobacteriacea, 
in particular the Protea, and the Clostridia. In putrefactive species, 
depending for their food supply on the decomposition of proteins, 
it is obviously necessary that some extracellular mechanism be 
present to disrupt the protein molecule into diffusible constituents. 
Early work! showed that a number of species liquefied gelatin and 
fibrin, a property still possessed by the culture media after the 
removal of the cells. The liquefaction of gelatin has long been the 
routine diagnostic test for proteolysis. The presence of ferment- 
able carbohydrate in the culture media inhibits the production of 
proteases, but whether this action is due to the production of acid 
or to the inhibition of the formation of proteolytic enzymes is not 
certain. 

Proteases were first studied in the digestive juices of animals and 

1 Brunton & Macfadyen, 1889. 
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in preparations from plants ; only recently have studies been 
made on those of bacterial origin. The early attempt to classify 
proteases rested primarily on the size of the molecule attacked, 
whole proteins being attacked by “‘proteinases ” and peptides by 
‘‘ peptidases.”” The former group were differentiated mainly by 
the optimum pH of their activity, the latter by the character of the 
free group, —NH, or —COOH, of the substrate attacked. — 

The following scheme due to Grassmann and Schneider? illus- 
trates this: 


Proteases 
Proteinases Peptidases 
vid 
Pepsin Papain Trypsin Dipep- Aminopoly- Carboxypoly- 
(pH 2:0) Kathepsin (pH 8) tidase peptidase peptidase 


(pH 4-7) 


More recent work, largely due to Bergmann,? shows that pro- 
teases are not satisfactorily classified on the basis of the size of the 
molecule they attack. Peptidases, besides attacking di- and poly- 
peptides, can attack the peptide links of the protein molecule pro- 
vided that these conform to certain structural requirements. Thus 
aminopeptidases attack only those links adjacent to a free amino 
group ; they require also that the amino-acid side chain on the 
carbonyl side of the peptide link shall be leucyl. Provided that 
these conditions are fulfilled the link can be ruptured whether it 
occurs at the end of a protein or of a peptide molecule. Carboxy- 
polypeptidases attack only those links adjacent to a free carboxyl, 
and the amino-acid side chain on the imino side of the peptide 
link must be tyrosyl or phenylalanyl. Linkages fulfilling these re- 
quirements are ruptured both in protein molecules and in peptides. 
Enzymes which used to be classified as proteinases can rupture not 
only the internal and terminal links of protein molecules, but also 
those of peptide molecules, but their activity is also governed by 
the nature of the amino-acid side chains adjacent to the links which 
are ruptured. Thus trypsin requires the basic arginyl and lysyl 
groups attached to the carbonyl side of the peptide link attacked ; 


1 Grassmann & Schneider, 1936. * Bergmann, 1942. 


NITROGEN METABOLISM 113 


9epsin requires the aromatic tyrosyl or phenylalanyl residues 
ittached to the imino side of the link. 

Work along these lines has not so far been done for bacterial 
sroteases so a satisfactory classification of these enzymes is not yet 
dossible. 

Fig. 1 illustrates the points of attack of the various enzymes on 
the protein molecule. 

AP iY FE CP 


¥ y y 
oa o---- ge bee ata caca aan wnn- COLNH-CH-COOH 
| 


Ry Rs Ry R; 
Fic. 1 

R, = leucyl; R, = tyrosyl or phenylalanyl; R; = arginyl or lysyl; Ry = 
tyrosyl or phenylalanyl ; AP = aminopolypeptidase ; CP = carboxypolypepti- 
dase ; P = pepsin; T' = trypsin. 

A further basis for the differentiation of proteases lies in their 
activation by metals Fe, Mn and Mg and by reducing agents such 
as —CN or —SH. 

Quite roughly speaking proteolytic bacteria appear to liberate 
enzymes acting on large protein molecules early in the growth 
period. Peptidases acting only on smaller molecules tend to appear 
later, probably as a result of autolysis. Thus in the group of 
sheese-ripening organisms known as acidoproteolyten (on account 
»f the fact that they produce both lactic acid and a filterable pro- 
ease) a filterable proteinase was obtained in the culture fluid and 
three types of peptidase from the dried bacterial cells. From the 
culture medium of B. pyocyaneus a filtrate was obtained attacking 
zelatin, silk peptone, leucylglycine and leucylglycylglycine ; the 
enzyme complex attacking the peptides was dialysable, adsorbed 
on kaolin and alumina and eluted by acetic acid.* 

A series of studies on the proteases of bacterial filtrates is due to 
Maschmann.* The proteases produced by the organisms which 
Maschmann studied fall into at least four groups, as shown in 
Table 1. The oxygen-stable enzymes are extracellular and the 
oxygen-labile enzymes, which are activated by reducing com- 
pounds, are probably intracellular since they appear in the culture 
fluid only after growth has reached its maximum. 

The specific gelatinases are of particular interest since they 
apparently attack only gelatin and its precursor collagen. Masch- 
mann suggested that the invasiveness of the gas-gangrene organ- 
isms may in part be due to this enzyme. More recently the effect 
of the collagenase of Cl. welchii has been studied in wounds and 
on isolated muscle tissue. Muscle treated with culture filtrates 

1 Gorini, Grassmann & Schleich, 1932. 2 Gorbach, 1930. 
# Maschmann, 1937 (1), (2), (3); 1938 (1), (2), (3). 
4 Robb-Smith, 1945. 
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TABLE 1 


Proteases 


Oxygen-stable Oxygen-labile 


Organism* : : 
: Proteinases Proteinases 


Specific inhibited inhibited 
gelatinases by normal by normal 
serum serum 


Peptidases 


B. prodigiosus 
B. fluorescens 
B. pyocyaneus .« 
B. botulinus 

B. chauveot 

B. histolyticus . 
B. welchii 
Vibrio septicus . 
B. sporogenes 

B. tetani . 


+41 1414444 
Stt+t++++4++ 


pe io scm we ks ot ad hot 
Aes a miu Ph es oe 








* Maschmann’s nomenclature 


of Cl. welchii gave a friable mass of fibrils from which the sup- 
porting tissue and sarcolemma had disappeared. The same tissue 
treated with trypsin gave a gelatinous mass with the fibrils dissolved 
and the connective tissue intact. That the former action is speci- 
fically due to the collagenase and not to the «-toxins or the 
hyaluronidase of Cl. welchii has been shown by immunological 
means. ! 

If the invasiveness of Cl. welchit, Cl. histolyticum, Cl. septicum 
and Cl. chauveoi is in part due to the specific gelatinases then the 
fact that these enzymes are not inhibited by the trypsin inhibitor, 
which is present in normal serum, may be significant. The main 
proteinase of the non-invasive pathogens Cl. botulinum, Cl. tetant 
and Cl. sporogenes is inhibited by normal serum. This group of 
oxygen-stable extracellular proteinases is able to digest a wide 
variety of proteins, including gelatin, as are the serum-inhibited 
oxygen-labile (i.e. —SH activated) proteinases which are appar- 
ently intracellular. The intracellular peptidases (aminopeptidases 
and dipeptidases) require metals (Fe, Mn) as well as reducing com- 
pounds for their activation. 

The character of the proteinases of the Clostridia may show 
considerable variation due to strain; thus Maschmann? reported 
from the filtrate of Cl. histolyticum (B. histolyticus) a proteinase 
slightly inhibited by cysteine whilst Kocholaty et al/.? and van 
Heyningen* separately reported culture filtrates that were acti- 
vated by cysteine. The latter worker, however, employed a strain 
which on ageing threw a variant with an extracellular enzyme in- 


1 Oakley et al., 1946. 2 Maschmann, 1938 (1). 
3 Kocholaty et al., 1938 (1). 4 van Heyningen, 1940. 
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hibited by cysteine (agreeing with Maschmann) and produced a 
second enzyme—probably due to autolysis—which was activated 
by cysteine. This is but one example of the apparently erratic 
and variable nature of the production of exoenzymes by the 
Clostridia. 

A proteolytic enzyme is produced by some group A streptococci 
which attacks the M antigens of all group A organisms tested. 
This antigen is an acid-soluble nucleoprotein. As a rule cultures 
producing the enzyme lack the M antigen when grown at 37°, 
though it is sometimes present when the cells are grown at 22°. 
The enzyme has been concentrated by precipitation by ammonium 
sulphate ; it attacks fibrin, streptococcal fibrinolysin, casein, gela- 
tin and benzoyl-/-arginine-amide, and in general resembles papain 
and some cathepsins. It is active only in the presence of reducing 
agents. 


The effect of media on the production of filterable proteases 


Earlier investigators reported the frequent absence of filterable 
proteases when organisms were cultivated in synthetic media, but 
the _ eerie contains many contradictions.” * 4,5 The fact that 
filterable proteases can be produced on simple synthetic media has 
finally been established by several workers.*.7,* Highly thermo- 
stable proteases have been reported from B. fluorescens lique- 

; 9 

Merrill and Mansfield Clark,!° working with a strain of Proteus, 
reported that on a synthetic medium, calcium and magnesium were 
necessary for the production of the proteolytic enzyme ; this was 
confirmed by Haines but not by Wilson (working with Ps. pyo- 
cyanea). Haines, moreover, demonstrated that the effect of mag- 
nesium was on growth but not on gelatinase production, but that 
calcium had little effect on growth but actively stimulated gelatin- 
ase production. These observations are probably linked with 
the activation of proteases by metals. 

Evidence that there are many unknown factors concerned with 
the production of proteolytic enzymes is supplied by recent work 
on Bac. subtilis. Ona medium fortified with bran, yeast and malt 
extract 10,000 gelatinase units per ml. were produced compared 
with 20-100 units per ml. on horse-meat broth."? 


Intracellular proteases 
Proteolytic enzymes exist also inside the cell and are more 
widely distributed than the exoenzymes. In general the endo- 


1 Eli _  2Fermi, 1890. * Jordan, 1906. 4 Drummond, 1914. 
6 wt ang 6 Wilson, 1930. 7 Merrill & Mansfield Clark, 1928. 

& Haines 1931, 1932, 1933- % Virtanen & T'arnanen, 1932 (1). 

10 Merrill & Mansfield Clark, 1928. 11 Ramon et al., 1945. 


116 NITROGEN METABOLISM 


enzymes act on the smaller molecules. Various methods have been 
used for disrupting the cell, such as 40% glycerol,* bile at o 
acting on the pneumococcus,? powdered glass on Sir. hemolyticus.* 
Otsuka? compared the proteolytic power of Staph. aureus and B. 
prodigiosus killed by toluene with the Chamberland filtrates of the 
same organisms, using as substrates gelatin and serum on the one 
hand and glycyl-/-tyrosine and glycyl-/-tryptophan on the other. 
Both the filtrate and the cells attacked the proteins but only the 
cells attacked the dipeptides. Bact. coli similarly treated was 
inactive to both proteins and dipeptides. In this connection the 
early work of Taylor® may be cited. Here casein was inoculated 
with Bact. coli and incubated for five months ; by this time 76% 
of the combined phosphorus had been split off but no amino-acids 
formed. This organism therefore seems to be unable to attack 
proteins so as to produce any cleavage products sufficiently de- 
graded to be available to it ; such organisms if grown on proteins 
require them to be previously digested to the amino-acid stage.® 
This view is confirmed by the work of Rettger et al.,’ in the course 
of which they grew non-proteolytic members of the coli group on 
Witte’s peptone, and followed the disappearance of the proteoses 
and peptones by the biuret test adapted to give roughly quantita- 
tive results. No marked disappearance of biuret products could 
be shown, though with proteolytic bacteria these disappeared in 
1-2 weeks. It must, however, be remembered that these cells 
were not disintegrated so the experiment affords no information on 
the intracellular enzymes. 


The action of bacteria on pure proteins and on their degradation pro- 
ducts 


Of great importance relative to the previous discussion is the 
immunity of pure proteins from bacteriological attack, even by 
highly proteolytic species. The first observation on this subject 
was made by Bainbridge,* who used crystallised egg albumin, 
serum proteins and alkali albumin in concentration o-1-0-5%, 
together with the usual salts, but no other source of nitrogen or 
carbon. Into this medium he sowed the following organisms : 
B. coli communis, B. enteritidis, B. typhosus, B. proteus, B. pyocya- 
neus, Staph. aureus and gonococcus. In spite of the fact that highly 
proteolytic organisms were included in these experiments, no 
growth (as tested by bacterial counts) and no degradation of pro- 
teins were obtained ; if impure gelatin was used slight growth took 
place with B. pyocyaneus, Staph. aureus and B. proteus (the most 


1 Macfadyen, 1892. * Avery & Cullen, 1920. * Stevens & West, 1922. 


* Otsuka, 1916. ® Taylor, 1902. & See also Berman & R 
? Rettger et al., 1916. 8 Bainbridge, a ettger, 1918. 
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proteolytic of the collection), the growth of B. pyocyaneus and B. 
proteus being further improved by the addition of glucose. When 
peptone was added B. proteus readily attacked the proteins. These 
observations were confirmed and enlarged by Sperry and Rettger.! 
The organisms used included some of the most proteolytic known, 
both aerobes and facultative and strict anaerobes, and also species 
known to grow easily on synthetic media ; the proteins used were 
crystallised serum and egg albumins and crystallised edestin ; the 
salts were those usually employed, excluding ammonium. No 
growth and no decomposition of the proteins occurred. If, how- 
ever, a small amount of peptone was added to the medium multi- 
plication started and the proteins were rapidly broken down. The 
authors of these observations advanced the view that bacteria 
require peptone in order to synthesise their proteolytic enzymes 
and that in its absence they starve, as it were, for lack of the key 
with which to unlock the larder. This explanation is, however, not 
proved. In the first place, it is now certain that all proteolytic 
bacteria do not require peptone or some form of organic nitrogen 
in order to synthesise diffusible proteolytic enzymes (see p. 115). 
Moreover the observed phenomena seem perfectly explicable on 
the assumption that the primary cleavage of the protein molecule 
is the work of a diffusible enzyme. When cells are sown into 
fresh media this enzyme becomes very highly diluted, and its 
action may easily be so retarded as to be practically negligible. In 
the absence of any means of concentrating the diffusible enzyme, 
the cells are deprived of the only means of initiating their attack, 
and the pure protein remains unaltered. The part played by the 
peptone may therefore be that of an available food supply rather 
than a special enzyme producer, and on this view might conceiv- 
ably be replaced by any adequate synthetic medium, provided the 
reaction remained within the limits at which the proteolytic en- 
zymes could function. 

Not only are pure native proteins, when serving as the sole food 
supply, immune from bacteriological attack, but the same is true 
of coagulated proteins? and proteoses ;* 4 the last-named material 
was prepared from commercial peptone by precipitation with 
ammonium sulphate and purified by dialysis. In the presence of 
an additional source of food (Liebig’s meat extract 0-5 %) the pro- 
teose was attacked by B. subtilis, B. ramosus, B. proteus and B. 
prodigiosus, as shown by the gradual disappearance of substances 
giving the biuret reaction ; it was not, however, attacked by Staph. 
aureus and albus nor by members of the Bacteriacee. 

It is clear from the above data that the liquefaction of gelatin 

1 Spe ; 2 Rettger, Berman & Sturges, 1916. 
3 «peal Mar yn ead 1918. - « Ibid. 
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does not always connote far-reaching proteolytic activities. This is, 
for example, the case with Staph. aureus and Bact. cloace, which 
both liquefy gelatin but are not able to decompose it to abiuret 
substances nor to attack proteoses nor coagulated proteins. It 
seems in the case of these organisms that the possession of the 
exoenzyme is no criterion of far-reaching proteolytic activity, nor, 
so far as one can see, of any service to the cell. 

Casein, like gelatin and other proteins, is attacked by the other 
proteolytic organisms already mentioned, but only in the presence 
of an extraneous food supply (Liebig’s meat extract was used) ; 
Staph. aureus and albus and the members of the Bacteriacee group 
were without action upon it. 

These facts show that for non-proteolytic bacteria the larger 
units in commercial peptone are useless, these organisms being 
able to use only amino-acids and possibly the smaller polypep- 
tides ; the extensive use of protein digests as laboratory media is 
thus justified. 


The toxic proteins 


Many proteins excreted by bacteria are intensely toxic and in 
some cases their mode of action is understood. One of the earliest 
of these to be studied was hyaluronidase, first known as the 
‘“ spreading factor.” This is an enzyme attacking hyaluronic acid 
and is dealt with under polysaccharide decomposition in Chap- 
tereti yt; 

The next toxin whose action has been explained is the «-toxin 
of Cl. welch. Nagler! first observed that toxic filtrates from 
this organism produced on serum and on egg yolk an opalescence 
followed by the separation of a cream; the degree of opalescence 
on egg yolk as measured nephelometrically being used, in associa- 
tion with the determination of the M.L.D. on the mouse, as a 
convenient method of assaying the toxin. The toxin itself was 
partially purified by adsorbing on to calcium phosphate in the 
presence of acetone and eluting with ammonium sulphate. Acting 
on lecithin it hydrolyses the linkage at A, leaving phosphoryl 
choline and stearyl oleyl diglyceride (Fig. 2). Snake venoms, it 
is interesting to note, attack lecithin at B, splitting off oleic acid 
and leaving a hemolytic compound, lysolecithin. Another leci- 
thinase present in rice bran attacks the lecithin at B and C; 
lysolecithin is also attacked at C, the loss of the stearyl radicle 
annulling its hemolytic properties. It has been claimed that 
Vibrio comma attacks lecithin at A, B, C and D, producing free 
stearic and oleic acids, choline and phosphoric acids. 4 


1 Nagler, 1939. 2 van Heyni 
5 yningen, 1941. 
* Macfarlane & Knight, 1941. 4 Felsenfield, 1944. a 
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The «-toxin—probably in virtue of its property of disrupting 
ecithin—is a hemolysin, but many bacterial hemolysins exist 
vhose method of disrupting red blood cells is unknown. 

Two important and extremely potent toxins have recently been 
solated in a state of purity and crystallised, but so far their mode 
of action is unexplained. 
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The toxin from Cl. botulinum (type A) was purified from a 
medium containing casein 3%, glucose 0-5% and 1% corn-steep 
liquor containing about 50% solids and treated with alkali. After 
growth of the organism 16 1. medium contained 800 mg. toxin, of 
which 40-160 mg. was isolated. The product was finally crystal- 
lised from sodium acetate and sodium chloride at pH 4 in needle- 
shaped plates. The toxicity of this product is excessively high, 
LD.s50 being 0:000032 wg. when injected intraperitoneally. It 
was computed that, for a man of 75 kilos having the same sus- 
ceptibility as a mouse, the LD.50 would be 0:12 yg. Thus a food 
containing 1 x 10° MLD./ml. would be fatal in a dose of 
0-004 ml. 

The tetanus toxin was obtained on a semisynthetic medium. 
The toxin present in the crude filtrate was 6 mg. /l. It was obtained 
by precipitation with methanol in controlled conditions in 27-60% 
yield. ‘The product is a crystalline protein, electrophoretically 
homogeneous, containing 50-75 million MLD./mg.N.? 

The diphtheria toxin has been prepared by the action of C. 
diphtheria on a chemically defined medium containing no protein. 
From the culture filtrate a protein was isolated which was charac- 


1 Lamanna et al., 1946. 2 Pillemer et al., 1946. 
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terised and appeared to be identical with the toxin and had a 
toxicity of 107/M.L.D./g.* 

The production of toxin is closely dependent on the concentra- 
tion of iron in the medium ; at very low iron concentrations both 
growth and toxin production are poor ; as iron is added both in- 
crease, toxin production attaining a maximum at O-I mg. of iron 
per litre.2 As more iron is added toxin falls off steeply though 
growth increases slightly ; at a level of o-6 mg. iron per litre no 
toxin appears (see p. 179). Along with the toxin, porphyrin is 
found in the filtrate and the production of both is inhibited by the 
presence of iron above o-1 mg./litre, 4 atoms of iron preventing the 
formation of 4 molecules of porphyrin and 1 molecule of toxin ; 
simultaneously the intracellular content of iron rises. 

The interpretation put on these striking phenomena is that in 
the presence of adequate supplies of iron the growing cell syn- 
thesises an iron-porphyrin respiratory intracellular pigment; when 
the iron supply fails the cell continues to synthesise the porphyrin 
and specific protein portions of the molecule which are excreted 
into the medium, the specific protein being the diphtheria toxin.* 


Non-enzymic nitrogenous excretions : gramicidin and tyrocidin 


Two polypeptides of interest are excreted by the aerobic spore 
bearer, Bac. brevis, and there are indications that there are others. 
The organism was isolated by Dubos from soil heavily and re- 
peatedly inoculated with living gram-positive bacteria; this was 
done with the object of using a selective medium to obtain an 
organism with a mechanism for lysing or destroying gram-positive 
bacteria.4 From the culture filtrate of Bac. brevis an active 
material, tyrothricin, was obtained appearing in combination with 
proteins, from which it is liberated by precipitation of the protein 
by acid acetone or by proteolytic enzymes.* Tyrothricin contains 
two polypeptides, gramicidin and tyrocidin, both antibacterial in 
action and both insoluble in water and soluble in certain organic 
solvents.* Gramicidin can be crystallised from acetone and is 
soluble also in ethanol, glacial acetic acid and dioxan. It has no 
free —NH, or —COOH groups’ and contains 45 %8 of its amino- 
acids in the d- or “unnatural” configuration. It is a cyclopep- 
tide with 24 residues. Acid hydrolysis® and chromatographic 
analysis’® show that these are: 6 d-leucine, 6 /-tryptophan, 5 d- 
and /-valine, 3 /-alanine, 2 glycine and 2 ethanolamine. The second 
polypeptide, tyrocidin, can be crystallised from methanol or 


* Pappenheimer et al., 1937 2 Pa i 
i & ; ppenheimer & Johnson, 1936, 1 F 
: Pappenheimer, 1947. 4 Dubos, 1939 (1). bid. 
: Hotchkiss & Dubos, 1941. * Hotchkiss, 1941. 
Lipmann et al. ,1941. ® Gordon et al., 1943 (1). 12°Synge, 1945 (1), (2). 
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ethanol, is strongly basic and is active against both gram-positive 
and gram-negative bacteria. The following amino-acids have been 
identified in its acid hydrolysate: d-phenylalanine, /-leucine, /- 
yaline, /-proline, /-tyrosine, /-glutamic acid, /-ornithine, /-aspartic 
acid and /-tryptophan.? 

Apart from the antibiotic properties of these polypeptides? the 
excretion by the cell of well-defined compounds containing d- 
amino-acid residues raises problems of great biological interest. 
It is possible that both polypeptides? may owe their toxicity in 
some measure to these units. Tyrocidin appears to act also as a 
cationic detergent. Its effect on Staph. aureus and Str. hemolyti- 
cus is to release N and P compounds from the cell. A similar and 
more striking effect is reported for Str. fecalis where the effect of 
tyrocidin is to cause the sudden and complete passage of lysine 
and glutamic acid from the internal to the external environment 
of the cell. Similar effects were found with the detergents cetyl 
trimethyl ammonium bromide and aerosol O.T. but not with 
gramicidin. Examination of cells thus treated with the electron 
microscope disclosed rupture and curling of the cell membrane.° 

Closely related to tyrocidin is gramicidin S (Soviet gramicidin) 
excreted by a soil bacillus and reported by Sergieff.* This is a 
cyclic polypeptide having the following sequence occurring once 
or in an endless peptide chain (cyclopeptide) :” ® 

-z--valyl-/-ornithyl-/-leucyl-d-phenylalanyl-/-prolyl- 
d-(—)glutamic acid occurs as the sole amino-acid of the protein 
capsule of Bac. anthracis® and of a polypeptide excreted by Bac. 
subtilis.*° 


AMINO-ACID BREAKDOWN 


Amino-acids of the general formula R . CHNH, . COOH are 
deaminated by all groups of bacteria except the majority of the 
staphylococci and streptococci ; the ammonia thus liberated forms 
the principal source of nitrogen for bacterial growth. Amino- 
acids may also be decarboxylated with the production of amines, 
the two processes forming alternative methods of breakdown, 
deamination occurring in cells grown at a neutral or alkaline pH 
and decarboxylation as a response to an acid environment. 


Deamination 

Bacterial deamination proceeds by several methods which differ 
according to the enzyme make-up of the organism in question and 
to the conditions prevailing in the medium. 


1 Gordon et al., 1943 (2). * Hotchkiss, 1944. 3 [bid., in preparation. 
4 Gale & Taylor, 1946. ‘Ibid. ° Sergieff, 1943, 1944. 7 Synge, 1945. 
® Consden et al., 1946. % Hanby & Rydon, 1946. *° Bovarnick, 1942. 
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1. Oxidative deamination 

This results in the formation of a keto-acid. Using intact cells 
this reaction can only be demonstrated in the presence of an 
inhibitor such as toluene or nitrite to prevent the further decom- 
position of the keto-acid. With purified enzymes extracted from 
the cell a fixative for the keto-acid is required, which otherwise 
exerts a toxic action on the enzyme and quickly brings the reaction 
to a standstill. The oxidative deamination of glycine in the 
presence of 2,4-dinitrophenylhydrazine has been shown in the case 
of Ps. fluorescens, Bac. mycoides, Bact. coli and Bact. vulgare ;+ 
glyoxylic acid was identified, the reaction conforming to the 
equation : 


CH, . NH, . COOH + 4 O, = CHO. COOH + NH, 


A similar study on di-alanine with a soil organism resulted in 
the accumulation of pyruvic acid. The same reaction carried out 
with Esch. coli treated with toluene proceeded quantitatively 
according to the equation: * 


CH, . CHNH,. COOH + $0, = CH,.CO.COOH + NH, 


The oxidative breakdown of /-( —)aspartic acid and /-(-+-)gluta- 
mic acid by H. parainfluenze results in the production of acetic 
acid and CQ, . 


COOH . (CH,);. CHNH, . COOH + 24 OF] CH, COOH 
+ NH; + 3CO, + H,O 
COOH . CH,. CHNH, . COOH + O, = CH, . COOH + NHG@ 
+ 2CQ, 


This organism requires coenzyme I or II as a growth factor. 
If grown in suboptimal amounts of coenzyme the resulting cells 
are unable to carry out the oxidations at the optimal rate unless 
coenzyme is added to the system. The products obtained are 
obviously the result of a series of reactions following the initial 
oxidation. 4 

A cell-free enzyme (or group of enzymes) has been obtained 
from Proteus vulgaris after the disintegration of the cells by super- 
sonic waves, and subsequent removal of cell debris. The /-amino- 
acids attacked were nor-leucine, phenylalanine, leucine, trypto- 
phan, methionine, tyrosine, nor-valine, histidine, arginine, zsoleu- 
cine and «-amino-butyric acid. The keto-acids were identified in 


each case, though whether the reactions were all catalysed by the 
same enzyme is not clear.® 


1 Janke & Tayenthal, 1936. * Aubel & Egami, 1 3 : 
; ; : , 1935 (1). *% Unpublished. 
“ Klein, 1940. 5 Stumpf & Green, AN ) npublishe 
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2. Deamination and desaturation 


The reaction R.CH,. CHNH,. COOH = R.CH:CH.COOH 

+ NH, was first observed in the case of the change of /-histidine 
to urocanic acid’ through the prolonged action of a number of 
organisms on /-histidine in Ringer’s solution. A similar obser- 
vation was made on the desaturation of /-tyrosine by B. proteus.? 
The only other amino-acid so far shown to undergo this type 
of deamination is aspartic acid. Under the influence of washed 
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suspensions of Bact. coli and some other facultative anaerobes the 
reversible reaction aspartic acid = fumaric acid + NH, has been 
demonstrated* 4 (see Fig. 3). In order to achieve this, fumaric 
acid and ammonia on the one hand and aspartic acid on the other 
are incubated together in the presence of washed suspensions of 
the organism previously treated with 2% cyclohexanol. The anti- 
septic inhibits the enzyme fumarase also present in the cell, cata- 
lysing the reaction 
fumaric acid + H,O = malic acid 


and enables the true fumaric-aspartic equilibrium to be reached.°® 


1 Raistrick, 1917. 2 Hirai, 1921. 3 Cook & Woolf, 1928. 
_ * Woolf, 1929. 5 Ibid. 
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A second enzyme (aspartase II) obtained in a cell-free condition 
from Bact. coli differs from the first in being inhibited by toluene 
and in requiring a coenzyme which can be replaced by (and may 
be identical with) adenosine.* 


3. Reductive deamination 

In general the compound resulting from deamination by a 
strict anaerobe or by a facultative anaerobe acting anaerobically is 
the corresponding saturated fatty acid 


R. CH, . CHNH,. COOH + 2H = R. CH,. CH, . COOH 


If no hydrogen donator is added to the system the organism, if 
present in sufficient amount, effects the reduction at the expense 
of the endogenous reducing materials of the cell. It is unknown 
whether this effect is produced by one enzyme or two, though 
in the case of the reductive deamination of aspartic to succinic 
the effect may be produced by the combined action of aspartase 
followed by succinic dehydrogenase. Reductive deamination 
can be demonstrated clearly when the organism contains hydro- 
genase and H, acts as the donator ; the reductive deamination of 
glycine, tryptophan and ornithine has been shown in this way.* 


4. Hydrolytic deamination 


Deamination by intact cells frequently gives rise to the corre- 
sponding «-hydroxy acid. This dual action may possibly in some 
cases be the work of one enzyme as in the hydrolytic deamination 
of aspartate to malate,* but more probably, as in the case of the 
aspartic-fumaric-malic cycle, it is brought about by a desaturation 
followed by hydrolysis. 


5. Anaerobic decomposition with evolution of hydrogen 

A recently described decomposition of amino-acids is an anaero- 
bic oxidative deamination accompanied by evolution of hydrogen. 
This has so far only been reported for seven amino-acids, using 
Cl. tetanomorphum in washed suspensions. In the case of glutamic 
acid the products of decomposition have been quantitatively deter- 
mined and agree with the following equation :4 


5C;H,O,N + 6H,O = 6CH; . COOH + 2CH,(CH,),COOH 
+ 5CO, + H, + 5NHg 


This type of reaction may perhaps be regarded as an anaerobic 


1 Gale, 1938. 2 Hoogerhei 
ale, gerheide & Kocholaty, 1938. 
8 Virtanen & Erkama, 1938. 4 Woods & Clifton, 1937, Tees 
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device for obtaining energy from amino-acids without the use of 
a hydrogen acceptor. The immediate precursor of hydrogen is not 
known, but is not formate, since Cl. tetanomorphum has no formic 
hydrogenlyase.! 


6. Mutual oxidation and reduction by pairs of amino-acids 


Amongst the proteolytic anaerobes the energy for cell synthesis 
must be derived from proteins or their digestion products. It 
therefore seems reasonable to look to the decomposition of amino- 
acids for reactions likely to furnish this energy, and since oxidation 
by molecular oxygen can play no part, mutual oxidation and re- 
duction appears a probablecourse. By the use of washed suspen- 
sions of Cl. sporogenes aria the methylene blue technique, it has 
been shown that the following amino-acids are oxidisable,* * i.e. 
serve as hydrogen donators: J/-(—)alanine, /-(—)valine, /-(—) 
leucine, /-(—)phenylalanine, etc. Furthermore, by the technique 
described on p. 47, it can also be shown that the following are 
reducible, i.e. serve as hydrogen acceptors: glycine, /-( —)proline, 
l-(—)hydroxyproline, /-(+-)ornithine and /-(+-)arginine. More- 
over, when one amino-acid from either group is incubated in vacuo 
with the organism, no deamination or only a very slow one occurs, 
but when a donator and an acceptor are present together, we get 
deamination and decomposition of both donator and acceptor, the 
former becoming oxidised and the latter reduced. The following 
experiment makes this clear : 


In a Thunberg tube were placed 0-5 ml. M/10 solutions of 
' the donator and the acceptor ; three similar control tubes were 
' also set up, the first containing the donator alone, the second 
' the acceptor alone and the third neither amino-acid ; all tubes 
contained buffer and bacterial suspensions. The tubes were 
evacuated and incubated at 40° C. for 2-6 hours, after which 
the free ammonia was estimated in each tube. The results are 


seen in Table 2. 


TABLE 2 
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1 Woods & Clifton, 1937. 2 Stickland, 1934. 8 Woods, 1936 (2). 
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Moreover, any one of the hydrogen donators will react with any 
one of the hydrogen acceptors, and the reaction proceeds at a rate 
comparable with essential processes such as aerobic oxidations 
occurring in other bacteria with a similar growth rate. For this 
purpose the Qo;""* of Cl. sporogenes was calculated and found to 
vary from 5 to 12; this is undoubtedly low owing to the insta- 
bility of the enzymes concerned in washed suspensions, but is of 
- the same order as that measured for the aerobic oxidation of lactate 
by Bact. colt. 

The products of oxidation and reduction of donators and accep- 
tors respectively have been ascertained quantitatively in some 
cases. It was first shown that /-proline is reduced by /-alanine 
to S-amino-N-valeric acid ;} i.e. the ring is split but no deamina- 
tion occurs. It was next found that in the same reaction alanine 
‘5 oxidised to acetic acid, ammonia and carbon dioxide, probably 
with the intermediate production of pyruvic acid. The reaction 
is thus represented : 


H,C——_CH, 


alee 


H,C\ /CH . COOH + CH,CHNH;.COOH + 2H,0 
NH 
— 2CH,NH, . (CH,);. COOH + CH, . COOH + NH; + CO} 


Glycine, when acting as hydrogen acceptor, is reduced thus : 
CH,NH,. COOH + 2H = CH,COOH + NH; 


Ornithine, when acting as hydrogen acceptor, behaves like LF 
proline, i.e. is reduced to 5-amino-/-valeric acid.* 

It is interesting to note that all the amino-acids taking part 
in the above reactions occur in the synthetic medium for Cl. 
sporogenes.* 


7. Decomposition by mutase reaction 

Closely allied to the oxidoreductions just described is the 
decomposition of an amino-acid in which one molecule is oxi- 
dised whilst the other is reduced. Thus alanine is decomposed 
according to the equation : 


3CH,. CHNH,. COOH + 2H,O = 3NH, + 2CH;.CH,.COOH 
+ CH,.COOH + CO, 


This may proceed as a mutase reaction in which 2 mols. of alanine 
are reduced at the expense of the oxidation of 1 mol. to acetic acid 


1 Stickland, 1935 (1). 2 Ibid 3 
4 Fildes & Richardson, 1935. ie Woods, 1936 (2). 
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and CO,. This reaction appears to be analogous to the fermenta- 
tion of lactate by propionic bacteria. 


CH, .CHNH,.COOH + H,O = CH,.CO.COOH + NH, + 2H (1) 
CH,.CO.COOH + H,O = CH,.COOH + CO, + 2H Ae ow 
2CH, .CHNH,. COOH + 4H = 2CH,.CH,.COOH+2NH, . (3) 


3CH, .CHNH, . COOH + 2H,0 = 2CH,.CH,. COOH 
+ CH,COOH + CO, + 3NH, (4) 


Serine and threonine are similarly dismuted. 


3CH,OH .CHNH,.COOH + H,O = 3NH,+ CH,.CH,.COOH 


+ 2CH,; .COOH + 2CO, 
3CH, .CHOH .CHNH,.COOH + H.O = 3NH, 


+ 2CH,(CH,)..COOH + CH,.COOH + 2CO, 


Lactic and pyruvic acids are fermented as in propionic fermenta- 
tion. The organism responsible is a hitherto undescribed Clos- 
tridium. A gram-negative coccus decomposes glycine in a similar 
way : 


Under certain conditions 0:35 mol. of H, may be given off per mol. 
of glycine whilst the acetic acid is decreased and the CO, increases, 

,some of the hydrogen being liberated instead of being used for 
reduction. 


Sulphur-containing amino-acids 

Cystine is decomposed after preliminary reduction to cysteine. 
This may be effected by hydrogen (in the presence of hydrogenase), 
glucose or other reducing agents; H,S and NH, are liberated in 
equimolecular proportions.” Using Proteus vulgaris the decompo- 
sition agrees with the equation : 


COOH .CHNH,CH,S.S.CH,.CHNH,.COOH + H, + 4H,O 
= 2H.S + 2NH, + 2CH,. COOH + 2H. COOH 


“In the case of Bact. coli and P. vulgaris the enzyme liberating H,S 

‘(cysteinase) is adaptive, attacks only the l-isomer and is somewhat 

‘inhibited by glucose. In the case of Propionibacterium pertae 
aceum the enzyme is constitutive and accelerated by glucose.*: 4 


The decomposition of tryptophan } ) - 

Owing to the physiological importance of this amino-acid its 
‘decomposition by micro-organisms has always excited much in- 
terest. In 1875 Kiihne obtained indole by the combined action of 


, 2 Tarr, 1933. 
3 don, 1942, and Cardon & Barker, 1947. arr, 
3 Smite te Fromageot, 1939. 4 Desnuelle, 1939. 5 Tbid., 1940. 
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pancreas and of putrefactive organisms on meat -1 later indole and 
indoleacetic acid were repeatedly identified.2 The precursor of 
these compounds remained unknown till 1903 when tryptophan 
was isolated by Hopkins and Cole.® Its discoverers immediately 
saw in this amino-acid the probable precursor of the indole of 
putrefaction and demonstrated the production of indole and 6- 
indoleacetic acid by the aerobic growth of Bact. coli on a medium 
of pure tryptophan and salts to which gelatin (which contains no 
tryptophan) was added later to improve growth. In anaerobic 
conditions @-indolepropionic acid was produced both by Bact. 
coli and by Rauschbrand’s bacillus. This is one of the earliest 
examples in bacterial chemistry of the use of pure strains of bac- 
teria on chemically defined media. 

Amongst indole-producing organisms Bact. coli has, been the 
most extensively studied. Using growth experiments in pure 
tryptophan and salts in which the amino-acid supplied the sole 
source of nitrogen, Herzfeldt and Klinger* proved a stoichiometric 
relationship between the indole formed and the tryptophan dis- 
appearing. Woods,° using thick washed suspensions of Bact. coli 
in phosphate buffer continuously aerated, showed that /-( —)tryp- 
tophan is converted quantitatively to indole, and that the rate of 
disappearance of tryptophan is identical with the rate of produc- 
tion of indole, and furthermore that the oxygen taken up corre- 
sponds with the complete oxidation of the side chain of tryptophan 
to carbon dioxide and water: 


C,H,N.CH,.CHNH,. COOH + 50 = C,H,N + 3CO, 
+ NH; + H,O 


The unnatural isomer d-(+)tryptophan is attacked only very 
slowly or not at all. ‘The same author showed that in similar condi- 
tions anaerobically Bact. coli converts tryptophan to @-indolepro- 
pionic acid, the hydrogen necessary for this reaction coming pre- 
sumably from endogenous hydrogen donators of the cell. ‘These 
results have been confirmed by Majima.® 

A non-viable preparation from Bact. coli (‘‘ tryptophanase ”) 
has been obtained by Happold and Hoyle? by treating washed 
suspensions with chloroform, and by precipitation with alcohol 
and desiccation with alcohol and ether. ‘This preparation produces 
indole from tryptophan under favourable conditions of aeration in 
yields of 80-90%. The potency of the preparation was increased 
if the organisms were grown on a medium rich in tryptophan. 
Later an active cell-free preparation was obtained by extracting an 


1 Kihne, 1875. 2 Salkowski & Salkowski, 18 
e, : , 1879, 1880, 1885. 
: Hopkins & Cole, 1901, 1903. 4 Herzfeldt & Klinger faze 
Woods, 1935 (1). 6 Majima, 1936. 7? Happold & Hoyle, 1935. 
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acetone powder prepared from the cells with borate buffer pH 8- 
8-5.* It was also found that strains of Bact. coli which were poor 
indole formers rapidly improved if subcultivated on a medium 
containing sodium desoxycholate (1 in 1000); this salt has no 
effect on the production of indole by the tryptophanase prepara- 
tion. 

The actual course of the change of tryptophan to indole has been 
much studied. In growth experiments Frieber* found no produc 
tion of indole from the following compounds : «-indolecarboxylic 
acid, «-$-indoledicarboxylic acid, $-indolepyruvic acid, 8-indole- 
ethylamine. Saito,* in growth experiments, showed qualitatively 
some indole formation from d/-{-indolelactic and 8-indolepyruvic 
acid, provided that an alternative source of nitrogen was present. 
The subject has also been studied by Woods,‘ using thick bacterial 
suspensions. In conditions in which 100% of indole was obtained 
from tryptophan no indole was produced from {-indolealdehyde, 
8-indolecarboxylic acid, #-indoleacetic acid, f-indolepropionic acid 
and (-indoleacrylic acid. In the case of $-indolepyruvic acid a 10% 
production of indole was found, but only in the presence of 
ammonium salts (or of tryptophan). ‘The small formation of indole 
(as compared with that from tryptophan) and the necessity for 
ammonia make it unlikely that $-indolepyruvic acid is the true 


_ intermediate. Woods suggests that (-indolepyruvic acid and 


ammonia are first synthesised to tryptophan and that this subse- 
quently yields indole by the usual (but still unknown) route. This 
observation has been confirmed by Majima, who also found that 
d-(—)®-indolelactic acid gives indole when aerated with thick 
suspensions of Bact. coli, but considers that the smaller rate of 
formation and lower yield (as compared with tryptophan) make it 
unlikely that it is a true intermediate. Finally Happold and Hoyle, 
using their tryptophanase preparation, found no production of 
indole from @-indolealdehyde, $-indolepropionic acid, ~-indole- 
acetic acid, 8-indoleacrylic acid and @-indolepyruvic acid. 

Most of the routes suggested at various times for the produc- 


- tion of indole from tryptophan are in contradiction to the above 


— 


results ; among them may be cited the following : 


13. R.CH,. CHNH,. COOH > R.CH,.CH,NH,+CO, 


2. R.CH,. CHNH,. COOH — R.CH,.CO.COOH+NH; 
3. R.CH,. CHNH,. COOH > R. CH: CH. COOH+NH, 
4. R.CH,. CHNH,.COOH — R.CH,.CHOH.COOH+NH, 


It is unlikely that any of these reactions occur as a preliminary to 
indole production since the indole derivatives so formed are either 
incapable of forming indole (1 and 3) or do so at a slower rate and 
1 Dawes, et al. ,1946. * Frieber, 1921. 8 Saito, 1933. * Woods, 1935 (2). 
k 
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less completely than tryptophan (4), or do so only in special 
conditions (2). 

A number of derivatives of tryptophan in which the side chain 
was modified by the introduction of substituting groups failed to 
produce indole ;1,* this led Baker and Happold to the conclusion 
that the breakdown requires a free carboxyl and an unsubstituted 
a-amino group and a §-carbon susceptible to oxidative attack. 

It has been shown that Bact. coli oxidises o-amino-$-phenyl- 
ethanol with the production of indole at a rate three times as 
great as that by which it produces indole from tryptophan. The 
possibility therefore exists that the former compound may be an 
intermediary in the formation of indole and a scheme has been 
presented in accordance with this hypothesis.* 

A new type of evidence has been supplied by work on the mould 
Neurospora. Two mutant strains of this organism have been ob- 
tained, both unable to grow without tryptophan. In the one 
tryptophan can be replaced by indole, in the other by either indole 
or anthranilic acid. Other indole derivatives and kynurenine 
were negative. When indole was used its disappearance was 
accelerated by the addition of /(—)serine (alanine did not replace 
serine). When serine is the limiting factor for growth the rate of 
disappearance of indole is a function of the serine concentration. 

Moreover, when dried mycelia were shaken with 50 mg. indole 
and 500 mg. serine all the indole disappeared in 48 hours and 
I(—)tryptophan was found in the medium, isolated and identified. 
The authors state also that Bact. coli synthesises tryptophan from 
indole and serine and suggest that the synthesis of tryptophan 
occurs thus :4 


—— ¢ OHCH,CH: NH, COOH—-> 7 6 CH CHE 
| | | COOH + H,0 


The breakdown of tryptophan by the reverse process would 
account for the oxygen uptake (5 atoms oxygen per mol. indole) 
found by Woods. A breakdown in the presence of mepacrine 
to indole and alanine has been reported.® 

The bacterial attack on the indole ring was early demonstrated ; 
for example, B. pyocyaneus and B. fluorescens attack both the side 
chain and the ring of tryptophan,* 7 whilst Proteus vulgaris and 
Bact. coli decompose only the side chain.® ° 

A different type of indole oxidation has been reported by 


1 Baker & Happold, 1940 2 Fell 

’ . & 
8 Krebs et al., 1942. 4 Tatum & Bonner, 1944. a Dawe a ‘haa 
6 Raistrick & Clark, 1921. ? Supniewski, 1 es fe 
8 Herzfeldt & Klinger, 1915. 9 Woods 1935 at 
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Gray ;' two species isolated from soil (Ps. indoloxidans and 
Mycobact. globerulum) oxidise indole to indigotin. 
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These organisms are unable to produce indole from tryptophan. 

Yet another type of rupture of the ring was shown by Kotake 
to occur through the action of Bac. subtilis. From tryptophan in 
the presence of glycerol it was possible to isolate kynurenic 
acid and anthranilic acid ;? kynurenic acid and anthranilic acid 
_ could also be isolated when kynurenine was substituted for tryp- 
tophan, hence Kotake postulated the breakdown of tryptophan 
in this system as occurring according to the following scheme : 


CH;CH-COOH CH;CH-COOH 
| ——> 
NH, OH NH, 
| 
H 
TRYPTOPHAN «-OXY-TRYPTOPHAN 
CO.CH-COOH CO-CH;CO-COOH 
Mee es 
NH, * NH, 
KYNURENINE O-AMINO-BENZOYL PYRUVIC ACID 
| | OH 
COOH 
NH, COOH 
N 
ANTHRANILIC ACID KYNURENIC ACID 


Later work* showed that Kotake’s formula for kynurenine is 
wrong and the formula more recently established has been sub- 
stituted in the above scheme. 


1 Gray, 1928. 2 Kotake, 1933. % Butenandt et al., 1943. 
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In the formation of kynurenic acid therefore we have a primary 
disruption of the indole nucleus followed by a stabilisation to a 
different type of ring. Such a disruption might also occur with 
Bact. coli followed by ring closure re-forming the indole nucleus. 
The action of coli on kynurenine has not been reported ; Woods 
found no formation of indole from kynurenic acid.? 


The intracellular synthesis of tryptophan 

Some insight into the intracellular synthesis of tryptophan has 
been furnished by the use of organisms which have lost one or 
more of their synthetic powers and as a consequence require to be 
supplied with a compound which previously they were able to 
synthesise. Such organisms have received attention from Fildes 
working with naturally occurring mutants of bacteria,” and by 
Tatum and Bonner? working with artificially induced mutants of 
Neurospora crassa. Many strains of Bact. typhosum are exacting 
towards tryptophan and it has been shown that in the case of four 
such exacting strains as well as of three strains of C. diphtheria 
tryptophan can be replaced by indole though 10 to 100 times as 
much of the latter is required. Some have been trained to dispense 
with it, An exacting strain of Staphylococcus, however, could not 
tolerate this replacement. Similar results were obtained with 
certain tryptophan-exacting strains of lactic bacteria, five of which 
could replace tryptophan by indole or anthranilic acid. 

Turning to Neurospora crassa, the wild strain A synthesises 
tryptophan on synthetic medium (nitrogen being supplied by 
ammonia) ; mutants 1 and 2 require to have it supplied. Mutant 1 
accepts either anthranilic acid or indole in place of tryptophan, as 
do the two lactic* organisms ; mutant 2 accepts only indole. Three 
hitherto unknown enzymes or mechanisms are thus revealed : 
(x) concerned in the production of anthranilic acid from some 
unknown precursor ; (2) concerned in some stage from anthranilic 
acid to indole ; and (3) catalysing the condensation of indole with 
J-serine to give tryptophan (see Fig. 4). 

The first group of deficient organisms, D and E, has lost 1, but 
retains 2 and 3; the second group, F and G, has lost 1 and 2; 
Staphylococcus has lost 1, 2 and 3. 

Further information has been gained by the use of a stereo- 
inhibitor indoleacrylate.® This has been rigidly proved by Fildes 
not to give indole by any of the bacterial strains used. Growing 
cultures of B, C and F in the presence of indoleacrylate now all 
produce indole, B and C in the absence of tryptophan in the 
medium and F in excess of the tryptophan supplied; the poison has 


1 Unpublished observation. 


2 Fildes, 1 / 
8 Tatum & Bonner, 1944. * Snell, 1943. ee ha 


5 Fildes, 1941, 1945. 


jena 


NITROGEN METABOLISM 133 


blocked the third step ; indole no longer passes to tryptophan at 
the optimal rate and so accumulates in the medium. We have 
here the surprising phenomenon of Bact. typhosum producing 
indole (but not from tryptophan), indoleacrylate producing this 
change by stereo-inhibition of enzyme 3 (see Fig. 4). 


Indoleacrylate 
OOH CH:CH-COOH 
X= 
NH, 
‘cuyretr g ilic YX 
aci 2 ‘ ( UY CH, CHNH,COOH 
95 + y 
N 
Indole Tryptophan 
Fic. 4 
Mechanisms 
Organism present 
A. Neurospora (wild strain) ° ° rope tet pace 
B. Bact. coli . ‘ A , ; ne Yay 3 
C. Bact. typhosum (non-exacting) . aie Cae Seer 
D. Lactic organisms (two strains) “ a | 
E. Neurospora (mutant 1) . . Ce | 
F. Bact. typhosum (exacting strains) 3 
G. Neurospora (mutant 2) . ‘ 3 
H. Staphylococcus . 2 ‘ : ._ -- 
The production of skatole 


The isolation of skatole has often been reported from mixed 
putrefactions and from faces. The isolation has, however, usually 
involved the steam distillation from acid (and from alkali) solu- 
tion. Frieber! has shown that when -indoleacetic acid is steam- 
distilled from acid solution it is decarboxylated, producing skatole. 
Since $-indoleacetic acid is a common bacterial decomposition 
product of tryptophan it is apparent that the skatole isolated may 
often have been an artefact. The only well-authenticated case of 
skatole production is that by Cl. skatole anaerobically from peptone 
by Fellers and Clough.’ 


The decomposition of arginine 

The decomposition of arginine calls for special notice. The 
production of ornithine was early observed* * as a result of the 
action of mixed putrefactive organisms. It was assumed that this 


1 Frieber, 1921. 2 Fellers & Clough, 1925. 
* Ackermann, 1908. 4 Ellinger, 1899. 
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was due to the enzyme arginase known in animal tissues which 
decomposes arginine to urea and ornithine : 


NH 


\ 
C.NH.(CH,);. CHNH,. COOH + H,0 = 
ee io . (NH2)>2 = NH,.CH,. . (CH,)e . CHNH, . COOH 
NH, 


A notable paper by Hills,1 however, has altered the interpretation 
of the evidence. Hills, studying the gram-positive coccacee, 
found that this group showed practically no ammonia production 
on any amino-acid except arginine. ‘This compound was not in 
fact deaminated but decomposed according to the equation 


NH 


\ 
C.NH.(CH,);. CHNH,. COOH + 2H,0 
/ =NH,CH,.(CH,).. CHNH,. COOH + 2NH; + CO, 
NH, 


The possibility of the reaction being due to arginase in con- 
junction with urease was ruled out by the fact that the latter 
enzyme was absent from all the seven strains of streptococci 
examined, though present in the staphylococci; in the latter, 
however, the rate of NH, production from urea was less than that 
from arginine. The ornithine formed is notefurther deaminated 
at either the «- or 5-linkage by this group of bacteria, though its 
reductive deamination to 5-aminovalerianic acid by Cl. sporogenes 
has been shown.? 

Various factors profoundly affect the deaminative power of 
bacteria, most particularly the presence of carbohydrate and the 
reaction of the media during growth. These will be dealt with in 
Chapter XI. It may be stated here, however, that the presence of 
fermentable carbohydrate in the medium inhibits the formation 
of deaminases apart altogether from any effect due to pH. 


8. Hydrolytic deamination and decarboxylation 


The action of yeasts, so far as is known at present, is to attack 


amino-acids by a combination of deamination, decarboxylation 
and hydrolysis. 


R.CH.NH,. COOH + H,O = NH, + CO, + RCH,OH 


The study of this mechanism is due to the classical investigations 
of Ehrlich and little work on the action of yeasts on amino-acids 
has been reported since his time. Amino-acids shown to be at- 


1 Hills, 1940. 2 Woods, 1936 (2). 
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tacked in this way are histidine, phenylalanine,” tryptophan, * 
tyrosine ;* the conditions of the reaction were the presence of large 
quantities of yeast, nutritive salts, including ammonia, and the 
simultaneous fermentation of glucose. More recently Thorne has 
shown that the same reaction occurs in conditions similar to those 
in the brewer’s vat ; glutamic acid and valine underwent the type 
reaction ; arginine was first decomposed to urea and ornithine, the 
latter giving rise to a mixture of butylene glycol and succinic acid.® 


NH,CH,.CH,.CH,.CHNH,. COOH -> CH,OH. CH). 
CH,.CH,OH + COOH. CH,.CH,. COOH 


g. Decarboxylation 


The presence of amines due to bacterial action on amino-acids 
has been sporadically reported at intervals, first by mixed putre- 
factive bacteria and later by pure cultures. The observations of 
Koessler and Hanke® and of Eggerth (who all worked with grow- 
ing organisms) suggested that a prerequisite for amine production 
might be an acid medium and a low temperature of incubation. 

Following these clues Gale made a comprehensive study of 
the conditions governing amine production by bacteria and these 
are now as clearly defined as in the case of deamination. The 
principal factor in the production of the decarboxylases is a low 
pH during growth, i.e. 5-0 or lower. This is most readily achieved 
by the addition of 2% glucose to the medium. In the case of 
coliform organisms a low growth temperature (25-28°) is also 
important, the enzymes not being fully active till the end of the 
growth period.® 

In the course of these studies decarboxylases for six amino-acids 
only have been found, viz. /(+-)-lysine, /(+-)-arginine, /( +)-orni- 
thine, /(+-)-glutamic acid, /(—)-histidine and /( —)-tyrosine ;'° 
tryptophan decarboxylase was reported earlier but has not been 
encountered in these recent studies.1? 

Decarboxylases are not as widely distributed amongst bacteria 
as are deaminases ; for example, out of 151 strains of Esch. colt 
examined 114 possessed decarboxylase for arginine, 142 for lysine, 
130 for glutamic acid and 14 for histidine. Amongst the strepto- 
cocci decarboxylase activity seems limited to tyrosine and this 
occurs chiefly in Lancefield’s group D and less often in A.” 
Among the Clostridia decarboxylases for histidine, glutamic acid 
and tyrosine have been found,'* weak decarboxylases for arginine, 


1, % % 4 Ehrlich, 1910, 1907 (1), 1912, TOIT. 5 Thorne, 1937. 
© Koessler & Hanke, 1919. 7 Hanke & Koessler, 1922, 1924. 
* Eggerth, 1939. 9 Gale, 1940 (1), (2), (3), (4); 1941 (1). 
10 Thid. 11 Berthelot & Bertrand, 1912. 12 Gale, 1940 (2). 
13 Ibid., 1941 (1). 
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lysine, ornithine and glutamic acid among the Bacillacee, and Be 
glutamic acid and ornithine! in Proteus vulgaris and morganit. 
Among groups where decarboxylases occur many strains possess 
none, and the distribution of those present seems completely hap- 
hazard. Besides a low growth pH and temperature the presence 
of the amino-acid in the medium enhances the production of the 
enzyme. The /- series of amino-acids only is attacked. 


120 


100 


40 


20 





8 7 6 
pH of broth during growth 


Fic. 5.—Variation of decarboxylase activity of washed suspen- 
sions of Bact. coli (stock) with the pH of the plain broth in 
which the organism was grown. 1. Arginine. 2. Glutamic acid. 
3. Lysine. 4. Histidine® 


By the use of manometers it can be shown that the amino-acids 
in question are quantitatively decarboxylated to the corresponding 
amines which, by working on a larger scale, can be isolated and 
identified as picrates or, in the case of y-aminobutyric acid, as 
the Ag salt. 

Table 34 summarises the distribution of the decarboxylases in 
studies by Gale et al. 

All six amino-acid decarboxylases have been obtained in a cell- 
free condition. Except in the case of tyrosine decarboxylase this 
has been achieved by extracting the acetone-treated cells with 
borate buffer at PH 8-5; in the case of tyrosine decarboxylase 
acetate buffer at pH 5:5 was used. Further purification is carried 


1 Gale, 1946. 2 Ibid., 1941 (1). 


3 Ibid., ‘‘ The Production of Amines by Bacteria,” 1940, Biochem. F., 34, 400. 
4 Ibid., 1946. 
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out by adsorption and elution followed by fractional precipitation 
with ammonium sulphate. The ornithine enzyme is labile to 
acetone, and cell-free preparations are prepared by cell disintegra- 
tion followed by centrifugation. 2, 3.4.5 The activity thus reached 


TABLE 3 


Enzyme substrate 


Organism ee saals eles i 
S Arginine | Ornithine | Histidine Lysine Tyrosine Samer re 


Esch. coli . 
Klebs. pneumonia 


Str. faecalis 
Proteus vulgaris 
Proteus morganii 
Cl. welchii 
Cl. sporogenes 
| Cl. septicum . 
| Cl. aerofatidum 


Rae ae eee. . 


Gece Bi Bis as ol Oe ae 
Ss Cg Be 
lS yee 
eT eee ak 


+) [+++] 14+ 





measured as Qfo, at 30° was 46,000 for lysine decarboxylase, 
46,300 for tyrosine decarboxylase and 3670 for histidine decar- 
boxylase.® If the necessary precautions are taken each of the six 
purified enzymes is specific for one amino-acid and can be used for 
its assay in protein hydrolysates and for the resolution of racemic 
mixtures.’ The pH optima lie in a narrow range between 2-5 and 
6-0 ; in the case of the histidine, lysine and arginine enzymes the 
pH optimum of the purified enzymes is 1:5-2-0 pH units higher 
than that measured in cell suspensions. ‘The properties of the 
decarboxylases in the intact cell and in cell-free preparations are 
compared in Table 4. 
TABLE 48 
PROPERTIES OF THE AMINO-ACID DECARBOXYLASES 


pH optimum Michaelis Constant 


Decarbox ylase 


Intact cell Cell-free Intact cell Cell-free 


K 
K 
K 
K 
K 
K 


)-Histidine 
)-Lysine 
)-Arginine 
)-Glutamic 
acid 


)-Ornithine .« 


)-Tyrosine 


preparation 


2°5-3'0 
4°5-5'0 
4°0-4'8 


4°0-4'5 
5°0-5'5 
5°0-5'5 


preparation 
4°5 
6:0 
5°2 
4'5 
5°2 
55 


preparation 


000075 M 
000280 M 
000056 M 


o:005 M 
0-003 M 


preparation 


000075 M 


o-00150 M 
0:00075 M 


0:027 M 
o:004 M 





The cell-free decarboxylases for lysine, arginine, ornithine and 
tyrosine can each be resolved into an apoenzyme and coenzyme 


1 Gale, 1944 (1). 2 Epps, 1944. 3 Gale & Epps, 1944 (1). 

é > tah ; 5 Taylor & Gale, 1945. ® Gale, 1946. 
- ’ - ~ 

7 Ibid. Ibid. 
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by precipitation with alkaline ammonium sulphate." The orni- 
thine enzyme undergoes spontaneous resolution on standing ; the 
glutamic enzyme has been resolved by dialysis at pli2-os The 
apoenzyme so obtained is without activity until some preparation 
of codecarboxylase is added. This can be supplied by boiled 
extracts of bacteria or by boiled preparation of the purified en- 
zyme before treatment, and the activity is then proportional over a 
narrow range to the amount of coenzyme added; the apoenzyme 
can therefore be used as a test material for the coenzyme. The 
latter has a very wide distribution, being found in all bacteria so 
far tested (including those containing no decarboxylases) and in 
many animal and in plant tissues.* It has been prepared in a 
highly concentrated condition from yeast as the lead salt and the ~ 
apoenzyme is then half-saturated with respect to the coenzyme 
preparation when the latter reaches a concentration containing 
0-06 wg. carbon/ml. 

The enzyme concentrate thus prepared is active with the five 
decarboxylases mentioned above. So far the decarboxylase for 
histidine has not been resolved into apo- and coenzyme, nor do 
purified preparations of this enzyme, when boiled, yield solutions 
which activate the apoenzymes of the other four. The codecar- 
boxylase is not replaceable by any known coenzyme or growth 
factor, not excluding pyridoxine. The further elucidation of its 
nature is due to an ingenious biological experiment of Bellamy 
and Gunsalus.® These investigators made use of a strain of Str. 
faecalis which on a medium containing optimal amounts of all the 
necessary growth factors produces tyrosine decarboxylase but on 
a restricted medium, even in the presence of tyrosine, has 
negligible activity. It was further shown that when a strain of 
Str. fecalis R, which is generally exacting towards pyridoxine, is 
grown in the presence of alanine it can dispense with the former 
compound but then produces no tyrosine decarboxylase ; the cells 
can, however, then be activated by the addition of pyridoxal, the 
aldehyde derivative of pyridoxine. Using washed suspensions of 
these pyridoxine-deficient streptococci the apoenzyme is half- 
saturated with respect to pyridoxal at 0-05 ug./ml. It appears, 
however, that pyridoxal is not the true coenzyme as it is inactive 
with dried cells and with cell-free preparations. If, however, the 
pyridoxal is phosphorylated or used in conjunction with a phos- 
phorylating agent (A.T.P.) it is active with apoenzyme prepara- 
tions of tyrosine, lysine, arginine and ornithine decarboxylases.* 
It is probable that the codecarboxylase prepared from yeast is 

1 Gale & Epps, 1944 (1). 

3 Gale & Epps, 1944 (1). 

® Bellamy & Gunsalus, 1944 (1), (2). 

® Gunsalus, Bellamy & Umbreit, 1944. 


2 Umbreit & Gunsalus, 1945. 
* Epps, 1944. 
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identical with pyridoxal phosphate, judging by stability measure- 
ments and the identical action of the two compounds on the rate 
of evolution of CO, by the five apodecarboxylases! (see Table 5 
and Fig. 6). 
TABLE 5 
CODECARBOXYLASE ACTIVITY OF PYRIDOXAL PHOSPHATE 


#1 CO, liberated from substrate per 5 min. 


+ Codecarboxy- + Pyridoxal 
Alone lase phosphate 


i —)-Tyrosine ‘ . 2 IIo 116 
U+)-Lysine . . . 15 106 104 
K-+)-Arginine . 15 70 75 
K+)-Ornithine . - 29 78 74 





80 


» 
° 


Carbon dioxide liberated (pl.)/ 5 min. 
Lt] h 
° °o 


°o 


9) 0-2 0:4 0-6 0-8 1-0 
Pyridoxal phosphate preparation (ml.) 


” 


Fic. 6.—Effect of ‘‘ pyridoxal phosphate ” concentration on rate 
of decarboxylation of /( —)-tyrosine by tyrosine apodecarboxylase 
lase (e—e); of [( +)-lysine by lysine apocarboxylase (o—o)?* 
The position of the phosphate radicle is not certain; Karrer and 
Viscontini claim that it is on position 5, a finding with which 
Gunsalus and Umbreit disagree ; position 3 seems the most prob- 
able alternative.* + 5 ® 


CHO’ OH 
: HO CH,O——P=0 
; 
H,C OH 
N 
1 Baddily & Gale, 1945. ® Ibid., Nature, 155, 728 (1945). 
* Gunsalus et al., 1945. * Harris et al., 1944. 


& Karrer & Viscontini, 1947. 6 Gunsalus & Umbreit, 1947. 


140 NITROGEN METABOLISM 


Functions of deaminases and decarboxylases 

One of the functions of bacterial deaminases is probably to 
liberate ammonia for growth from proteins, or rather from their 
decomposition products. The corresponding function of the _ 
carboxylases is more difficult to understand. CO, is necessary for 
bacterial growth, but one would imagine that in natural environ- 
ments this would be present in ample supply from other sources. 
At reactions below pH 5:5, where decarboxylases are active, the 
solubility of CO, is extremely low and an endogenous supply may 
then become important. It is noteworthy that deaminases and 
decarboxylases are formed and active at alkaline and acid reactions 


Decarboxylase 






S © 
S 40- 40 5 
I~ > 
4>) S 
3 30 = 
> 30 Deaminase ~ 
os — 
S S 
x 3 
S 20 20s 
4 i) 
—) 

10 10 

0 10) 

3 4 5 6 t/ 8 9 
pH 


Fic. 7.—Variation with pH of the activities of the enzymes of 
Esch. coli which attack /-glutamic acid? 


respectively, and that there exists no value of pH at which both are 
simultaneously active! (Fig. 7). This suggests that for deamina- 
tion and decarboxylation to occur it is necessary that the —COOH 
and —NH, groups respectively should be undissociated ; further- 
more it seems that the undissociated groups only are capable o! 
influencing the modification of the developing bacterial protein: 
to form decarboxylases and deaminases. In the case of the decar: 
boxylases it is noteworthy that they are formed only for amino 
acids with a strong polar group at the end furthest removed fron 
the carboxyl, though all amino-acids with such a configuratio: 
have not so far been found to give rise to decarboxylases. 


10. Transamination 
The transamination reaction was first shown by Braunstein ant 


1 Gale, 1940 (1). 2 Ibid., Bact. Rev. (1940), 4, 165. 
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Kritzmann! in muscle. It consists of the transfer of an —_N Dy, 
group from either aspartic or glutamic acid to the %-position in an 
a-keto-acid, and it has been suggested that such a transfer is impor- 
tant in the general synthesis of amino-acids. 

The reaction was first demonstrated for bacteria by Lichstein 
and Cohen,? who showed that suspensions of coli and a number of 
other organisms catalysed the reaction : 


(+) glutamic acid + oxalacetic acid 
= «-ketoglutaric acid + /( —)aspartic acid 


Previous attempts to demonstrate this reaction had failed since the 
aspartic acid is removed very rapidly by various side-reactions and 
can be estimated only if very short incubation periods are used. 
‘The rate of reaction is optimal at pH 8-5 and 32°. The rate of 
transamination is measured as Q,, (ul. aspartic acid formed/mg. 
cell N/hr.) and values for a representative collection of organisms 
are given in Table 6. 


TABLE 6 


Organism Activity (Qrn) 


» Col « : J r 890 
dysenteriae (Shiga ‘ 685 
typhosus . ’ ‘ 1135 
proteus. i . 1610 

»» pyocyaneus : . 800 
Azotobacter vinelandii e 1517 
Staph. aureus . : . gIo 

» albus . ‘ ‘ 950 
Bac. welchii. F : 1170 
Str. hemolyticus ; ; 865 
Str. viridans . ; ‘ goo 
Pneumococcus (type I) , 845 





Lichstein et al.* have obtained a cell-free preparation from Str. 
‘calis which will catalyse the transamination reactions. ‘They 
howed by two methods that the prosthetic group of the enzyme 
's pyridoxal phosphate: first, if the organism is grown in a 
nedium deficient in pyridoxin, then the transaminase activity of 
he resulting suspension is low but is greatly increased by the 
‘ddition of pyridoxal; secondly, a cell-free preparation can be 
‘nade from normal cells left to autolyse in the presence of toluene, 
ind if this preparation is left to age, its activity decreases but can 
ye restored by the addition of pyridoxal phosphate. 

The function of pyridoxal in amino-group transfer was first 
uggested by Snell,* who showed that pyridoxal will react with 


1B stein & Kritzmann, 1937. 2 Lichstein & Cohen, 1944. 
s Lichetein, Gunsalus & Umbreit, 1945. 4 Schlenk & Snell, 1945. 
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glutamic acid to give pyridoxamine and a-ketoglutaric acid, and 
that the pyridoxamine can in turn react with a keto-acid to form 
the corresponding amino-acid and liberate pyridoxal again. ‘These 
results were realised in a biological system by Bellamy et al.,1 who 
showed that, although pyridoxamine cannot act as codecarboxyl- 
ase, it is converted to a substance active as codecarboxylase if it 
is incubated with pyruvic acid and Sér. faecalis. ‘The reaction 
occurring is presumably : 


Pyridoxamine + pyruvate = pyridoxal + alanine 


Transaminase reactions have been investigated in detail in many 
cells,? but cell-free systems have been obtained which can catalyse 


only two reactions : 


Glutamic acid + oxalacetic acid 
— g-ketoglutaric acid + aspartic acid 
Glutamic acid + pyruvic acid 
= a-ketoglutaric acid + alanine 


and there is consequently considerable doubt whether transamina- 
tion can be held responsible for general amino-acid synthesis as 
originally suggested. 


Amino-acid assimilation and metabolism by gram-positive bacteria 


Many strains of pathogenic cocci have been found to be very 
deficient in the power to deaminate amino-acids,* and the greater 
number of gram-positive organisms require a large number of 
amino-acids supplied as such in the medium. It has been shown 
that gram-positive bacteria are able to assimilate certain amino- 
acids from the medium and to concentrate these within the cell. 
Two cases‘ have been studied in detail, viz. the passage of lysine 
and of glutamic acid across the cell wall of Str. fecalis ; the former 
seems to occur by simple diffusion though a considerable concen- 
tration within the cell takes place, this being greater when the 
external concentration is low than when it is high. ‘Thus when 
the external concentration is 25yl./ml. the internal concentration 
is increased by a factor of 15-20, whilst when the former is 
300ul./ml. the increase is 4-5 times. The passage of glutamic 
acid, on the other hand, requires energy which can be supplied by 
glycolysis. In this case the ratio of the concentration of glutamic 
acid inside the cell to that in the external medium is about 50 when 
the external concentration is royl./ml. and falls to 3-4 when the 
external concentration is 300yl./ml. The passage of the two amino- 
acids can be further differentiated since the rate of entry of lysine 


1 Bellamy, Umbreit & Gunsalus, 1945. i Trorhatie Ritenhnreee 
3 Hills, 1940. 4 Gale, 1947. 8, 1943. 
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is proportional to its external concentration whilst that of glutamic 
acid is constant for external concentrations above a certain low 
value, the rate-concentration relation being similar to that obtained 
for the rate-substrate concentration relation of an enzyme system. 
In either case the final concentration of the amino-acid achieved 
within the cell is markedly greater than that in the external medium 
with which it is in equilibrium. In the case of lysine, the internal 
concentration seems to depend also on the charge within the cell 
so that any process which alters this charge alters the amount of 
'ysine bound by the cell 

In the case of glutamic acid the level of the free amino-acid 
measured within the cell is determined by the balance between the 
‘ate at which it is assimilated from the external medium and the 
‘ate at which it is metabolised.t Investigation of the action of 
various inhibitors has shown (1) that penicillin impairs the assimi- 
ation process without affecting the internal metabolism ;? (2) that 
zlutamic acid undergoes a metabolic change within the resting-cell 
and that this metabolism is inhibited by dyes of the triphenyl- 
methane series;* and (3) that this process can be impaired by the 
sulphonamide drugs. ‘The precise nature of the metabolism 
which is inhibited by the triphenylmethane dyes is not yet certain 
hough an intracellular enzyme system has been found which, in 
he presence of A.T.P., phosphorylates glutamic acid and is sensi- 
ive to crystal violet in concentration of the order of M/4000.° 
_ The assimilatory processes can be investigated separately by the 
ise of these inhibitors and it has been shown that the rate of 
‘ssimilation of glutamic acid is approximately constant throughout 
he growth period though it falls rapidly after the cessation of 
‘rowth.* This is in agreement with the view which links protein 
ynthesis with nucleic acid within the cell (see p. 148). ee 
' These processes have all been elucidated with gram-positive 
occi and nothing is yet known of their application to gram- 
egative organisms or to those able to synthesise their amino-acids 
father than depending on assimilation. It seems probable that the 
apacity of the gram-positive organism to concentrate amino-acids 
1 the free state within the cell is a form of compensation for loss 
synthetic ability. In this connection it is interesting that when 
‘taph. aureus is trained to resist very high concentrations of peni- 

in (6000 units/ml.) it becomes gram-negative and loses the 
ower to assimilate glutamic acid and acquires the power to syn- 
ise all its amino-acid requirements.’ ® 











: 2 Gale & Taylor, 1947 (1), (2). 
: Mitchell, 1947. 
a Gale 4 Mitchell’ can * Gale, 1947. » Elliott & Gale, 1948. 
6 Gale, 1947. 7 Bellamy & Klimek, 1947. 8 Gale & Rodwell, 1948. 


CHAPTER VI 


THE METABOLISM OF NUCLEIC ACID AND ITS 
DERIVATIVES 


Nucteic acid forms the principal constituent of the nuclei of 
cells ; it also forms compounds of a salt-like character with pro- 
teins—in particular those such as the protamines and histones 
containing a predominance of basic groups. ‘These are known as 
nucleoproteins and play a large part in actively multiplying cells ; 
they have also been shown to form the main constituent of both 
plant and animal viruses. 

The existence of nuclei in bacteria was for long a matter of 
doubt,! though several earlier investigators claimed to have shown 
them.? Recently, however, Robinow, using the Giemsa stain, has 
clearly demonstrated nuclei in a number of common bacteria ; no 
mitosis has, however, been shown.® 

Though the existence of nuclei in bacteria remained long a 
matter of doubt, bacterial cells contain a higher percentage of 
nucleic acid than any animal tissue except thymus, a characteristic 
shared with yeasts and moulds.* ® 





TABLE 1 
Crepauind Percentage dry wt. Purine N x 100 | 
Protein N Pinos Protein N 

Ster. nigra ‘ : : 4°41 O41 9:2 
Asp. oryze@ 5 3°94 0°31 78 
Bac. de la fléole . : : 5-71 0°43 75 
Lactic bacillus . . : 9°92 I'l5 115 
Tubercle . : . - 4°46 0°32 71 
Yeast (“‘ Fala ”’) . : 6:69 0-77 IIs 
Yeast (Baker’s) . - - 5°97 0-66 IIo 
(For comparison) 

Muscle . P F : — a 2°3 

Liver . . : : — hoes 4°5 


$$$ Am 


Nucleic acid occurs in vivo in loose chemical combination with 
basic proteins, the complex being known as nucleoprotein. The 
general method of preparation is to subject the defatted cell either 


1 Lewis, 1941. 2 Dobell, rorz. 


3 . 
* Terroine & Szucs, 1930 (1), (2). Robinow, 1945. 


5 Le Breton & Kayser, 1926. 
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before or after mechanical disruption to mild alkaline hydrolysis, 
which breaks the nucleic acid-protein combination, and then to 
precipitate the proteins by bringing them to their respective iso- 
electric points or by precipitants. The nucleic acid is obtained by 
precipitation at about pH 4, usually in the presence of ethanol. 

Yeast nucleic acid after gentle hydrolysis gives rise to the fol- 
lowing components : two purine bases adenine and guanine, two 
pyrimidine bases cytosine and uracil, the pentose sugar ribose in 
the furanose form, and phosphoric acid. Thymus nucleic acid 
differs from that of yeast in containing thymine in place of uracil 
and 2-desoxy-d-ribose in place of d-ribose. 


1 6 
N=C—NH, a 
7 
HC’ °C—NH, HANG ¢ H re 
| 
A oe. Ts 
. 
Adenine Guanine 
| 
HN—CO HN—CO ie N=C—NH, 
of ee of jon, | Gt HO—C a 
rk? 4 HN—CH N—C __CH 
Uracil Thymine Cytosine Methyl Cytosine 
H H 
H ® oH 4H 0. OH 
, 15 ‘f 
H 4H HoH 
OH H OH H 
HO OH OH H 
f-d-ribose f-2- desoxy d-ribose 
Fic. 1 


The property of staining with Feulgen’s reagent, that is of 
restoring the colour of a fuchsine solution decolorised by sul- 
phurous acid,’ is generally attributed to nucleic acid containing 
desoxyribose, though the presence of that substance has not 
always been correlated with a positive Feulgen reaction. 

When yeast nucleic acid is subjected to gentle hydrolysis four 

ucleotides are obtained in equimolecular proportions, each con- 
taining one of the four bases characteristic of this nucleic acid. 


1 Feulgen & Rosenbeck, 1914. 
L 
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Fic. 2\—Tetranucleotide of yeast nucleic acid (formula of Levene) 


1 Greenstein, 1944. 
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This has led to the acceptance of the tetranucleotide structure of 
nucleic acid put forward by Levene, in which the phosphate is 
linked to the carbon of the ribose in position 3 whilst the carbon 1 
of ribose is attached to the base in position 3 in the case of the 
pyrimidines, and in position g in the case of the purines. Levene’s 
formula is shown in Fig. 2.1 The molecule of nucleic acid consists 
of xtetranucleotide units united through ester linkages. 


Bacterial nucleic acids 


Bacterial nucleic acids have been studied by (1) U.V. photo- 
graphy, (2) staining after different treatments, (3) chemical 
analysis. 

Method 1 depends on the fact that purines and pyrimidines 
absorb U.V. light very strongly, absorption being at a maximum 
at 2600 A; this property is used, not only as a means of demon- 
strating the presence of nucleotides, but also as a method for 
estimating them. A full account of this technique as applied to 
bacteria is given by Malmgren and Hedén.? 

The second method is by the use of the Giemsa stain and has 
been developed by Robinow.* This method is not adapted to 
quantitative work but has the advantage of distinguishing between 
the two types of nucleic acid. When bacterial cells without pre- 
treatment are stained by this method they show a diffuse dark 
stain throughout ; if, previous to staining, they are washed with 
N HCl in the cold for 5 to 7 minutes the whole of the ribose 
‘nucleic acid and about 7:5°% of the desoxy-type is washed out ;4 
the cells then show darkly stained nuclei in a clear cytoplasm. 
Thus the ribose nucleic acid is seen to be located in the cytoplasm 
and the desoxy type in the nucleus. This method gives useful 
rough comparisons of the relative amounts of the two acids present 
in different phases of the growth cycle and in different nutritive 
conditions. 

The chemical method of estimating the two nucleic acids con- 
sists in a pretreatment of the bacterial suspension for the removal 
of fats and lipoids followed by the extraction of the soluble nitro- 
genous compounds—nucleotides, nucleosides, purines and pyri- 
midines—by the use of 5% trichloracetic acid in the cold. The 
cells thus treated contain the two nucleic acids which can then be 
extracted by 5°, trichloracetic acid at go°. ‘The total nucleic acid 
in this extract can be estimated either by precipitating the purine 
bases by copper® or by estimation of organic phosphorus.* The 
two nucleic acids can be separated by treating the cells, after the 


1 Levene & Bass, 1931. 2 Malmgren & Hedén, 1947 (1). 
% Robinow, 1945. * Vendrely & Lipardy, 1946. 
& Vendrely & Sarciron, 1944. ® Schmidt & Tannhauser, 1945. 
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removal of fat and soluble nitrogenous compounds, with VV alkali 
which dissolves both types; the desoxynucleic acid can then be 
reprecipitated by making N with respect to HCl leaving the ribose 
type, or its decomposition products, in solution.! Alternatively 
use can be made of the specific nucleases®: * for the two types of 
nucleic acid, both of which are prepared from ox pancreas. Re- 
sults obtained by these different methods corroborate each other 
satisfactorily. 

In bacteria the ribose nucleic acid is quantitatively greater than 
the desoxy type; the former is distributed through the cytoplasm 
whilst the latter is confined to the nucleus where it is combined 
with basic proteins. The view due to Caspersson* and his school, 
and widely accepted, is that the synthesis of all protein in the cell 
occurs in association with nucleic acid and is conditioned by it ; 
the protein of the nucleus is formed in association with the desoxy- 
ribose nucleic acid and forms part of the genes and hence of the 
hereditary mechanism of the cell ; the protein of the cytoplasm is 
associated with ribose nucleic acid. Table 2 gives the amounts of 
both sorts of nucleic acid found in some bacterial cells. 


TABLE 25 
Nucieic Acip CONTENT OF SOME MICRO-ORGANISMS (% DRY WT.) 





Nucleic Acid 
Organisms Total N mare 
Total | D.R.N.A.| R.N.A. | DR WAT 
Staphylococcus j 13°95 75°50 11°57 2°82 8-75 0°24 
Bac. anthracis : 10°00 58-00 4°35 I°l5 3°20 0°26 
Bact. typhosum : 14°61 78°50 12°84 Sey g°12 0°29 
Coliform (smooth) . 14°20 74°90 13°90 4°17 9°73 0°30 
Coliform (smooth) . 14°40 76°80 13°12 4°40 8-72 0°34. 
Coliform (rough) . 14°78 77°60 14°67 4°24 10°43 0°29 
Coliform (smooth). 13°60 72°50 12°37 3°78 8-59 0°30 
Coliform (rough) . 13°61 71°00 13°98 3°89 10°09 0°28 
Aertrycke (smooth) 14°48 82°05 8-40 3°00 5°40 0°36 
Yeast (baker’s) i 6-50 36°30 4°26 o'31 3°95 0°07 
Yeast (champagne) 5°90 33°10 2:73 0°52 3°25 O'14 





Nucleic acid and the growth cycle 


By the quantitative method of U.V. microphotography® it has 
been shown that the total amount of nucleotide material in the 
bacterial cell is a function of the growth rate, i.e. of the rate of 
protein synthesis. Cells removed from an 18- to 20-hour culture 
show very little absorptive material when photographed at 2570 A. 
Before cell division starts nuclear material accumulates in the cell. 


1 Schmidt & Tannhauser, 1945 2 Kunitz, 19 3 
: . , 1939. McCarty, 1946. 
4 Caspersson, 1947. © Vendrely, 1946. ® Malmgren & Heese eae te 
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and by the middle of the lag phase the cells are moderately absorp- 
tive; by the beginning of the logarithmic phase the amount of 
nuclear material is at its height and thereafter declines (see Figs. 
3 and 4).* Fig. 3 shows the large differences in nucleotide material 
at different periods of the growth cycle. Fig. 4 shows how this 





Minutes 


Fic. 41 


is related to multiplication rate. Curve 1 gives the number of 
bacteria present plotted against time. Curve 2 gives the extinction 
due to individual bacteria, each point corresponding to the mean 
value obtained from 200 cells. Curve 3 (dn/dtn, where n is the 
number of bacteria and t the time) represents the rate of multipli- 
cation and is thus a measure of protein synthesis. Curve 4 is 
gbtained from curve 2 by subtracting the amount of absorptive 
material originally present and therefore represents the increase in 
nuclear material occurring during the growth period. 

These results show that, after sowing resting cells into fresh 
medium, a period of latency occurs, during which no cell division 
takes place (see p. 159). This time is occupied in accumulating 
auclear material within the cell ; when this has reached a certain 


1 Malmgren & Hedén, 1947 (1). 
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limit, cell division starts and both nuclear material and the rate of 
cell division increase proportionately till the logarithmic phase is 
past, when both decline, so that by the end of the growth cycle the 
amount of nuclear material has returned to the level from which 
it started. Thus the rate of cell division and hence of protein 
synthesis is closely proportional to the amount of nuclear material 
present. These results were obtained with gram-negative cells 
but similar results were found with gram-positive varieties.* 

No bacterial nucleic acids have been studied in the same detail 
as those of yeast and thymus but information regarding some of 
them is now available. 

The nucleic acid of the tubercle bacillus has been examined both 
in the cells and in the culture fluid. In the former case 8-4 g. 
nucleic acid, known as tuberculinic acid, was isolated from 2 kilos 
of dried material ; sugar was demonstrated but not characterised. 
Adenine, guanine, cytosine, and thymine were isolated with small 
amounts of the unusual pyrimidine, methyl cytosine.? 3 

Nucleic acid has also been isolated from the culture fluid in 
which the tubercle bacillus has been grown for the production of 
tuberculin. ‘The bases of this nucleic acid were not characterised 
but the sugar was identified as desoxyribose. It is not clear 
whether this nucleic acid is identical with that of the cell nucleus 
previously described.¢ 

The nucleic acid of the allied non-pathogen M. phlei (the 
Timothy Grass Bacillus) has also been studied ;5 adenine, guanine, 
uracil and cytosine were identified and a pentose—not desoxy- 
ribose—was demonstrated. This nucleic acid therefore resembles 
the yeast type whilst that of the closely related M. tuberculosis 
resembles the thymus type. It may be pointed out, however, 
that the nucleic acid of only one species of yeast has so far been 
studied and it may well be that the ribose type is not characteris- 
tic of this group as a whole ; recent work also shows that most 
organisms contain both types.* The nucleic acid from the typhoid 
bacillus of mice’ contains guanine and adenine in equimolecular 
proportions, also thymine, cytosine and uracil ; qualitative tests 
for ribose and for desoxyribose (Feulgen) were obtained from 
which it was concluded that the nucleic acid of this organism is of 


a mixed type.* A similar observation has been recorded for C. 
diphtherie.® 


Nucleic acid and the gram stain 


The gram stain was introduced by Christian Gram?° in 1884 


1 Malmgren & Hedén, 1947 (4). 2 Brown & Joh 
, Johnson & Coghill, 1925. * Seibert, 1944. C cient Et 
' Henry et al., 1945. 7 Akasi, 1938. 8 Ibid. 

Coghill & Barnes, 1932. 10 Gram, 1884. 
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and has since been regularly used as a differentiating test for bac- 
teria. Gram-positive organisms after heating fix crystal violet 
after subsequent treatment with aqueous iodine, and the dye re- 
mains fixed after moderate washing with ethanol. Gram-negative 
organisms do not fix the dye in these conditions and it is washed 
out with ethanol and the organisms can then be counterstained. 

The character of the bacterial substance responsible for fixing 
the dye has recently been elucidated. It was shown that pneumo- 
cocci killed by maintaining at pH 4-2 overnight and subsequently 
incubating at neutrality undergo some autolysis and discharge 
nucleic acid and a nucleoprotein into the medium ; the nucleic 
acid obtained from the medium was decomposed by pancreatic 
ribonuclease and was therefore believed to be of the ribose type. 
The organisms after this treatment were gram-negative ; they 
gave a positive Feulgen reaction but no desoxyribonucleic acid 
was found. 

Very important light has been thrown on the chemical structure 
of gram-positive organisms by Henry and Stacey.? These workers 
showed that if aqueous suspensions of gram-positive organisms 
were treated with 2° sodium cholate in the presence of oxygen (or 
by ribonuclease) they lost their power to fix the dye complex and 
became gram-negative. From the aqueous extract the magnesium 
salt of ribonucleic acid was prepared and it was shown that it is to 
this substance that the gram staining is due. Provided the stripped 
cells were kept reduced by 1% formalin the magnesium ribonu- 
cleate could be replated on to the cytoskeletons, which again 
became gram-positive.? The magnesium salt of desoxyribonucleic 
acid was ineffective but ribonucleates from one species could be 
replated on to another; attempts to plate cells originally gram- 
negative were always unsuccessful. 

In the case of yeast the stripping process first removed an outer 
layer of stainable material, disclosing a stippled surface and a 
gram-positive nucleus ; on further treatment the latter also was 
stripped. Both nucleus and surface could be replated. th 

The gram-positive organism S. salivarius, when grown in mini- 
mal amounts of magnesium or on acid media, became gram- 
negative and on subculture gave gram-negative decapsulated cells. 
This observation should be compared with that of Avery et al.‘ 

The gram-negative cytoskeletons gave a strong Sakaguchi re- 
action® (test for arginine), indicating the presence of basic proteins ; 
this suggested that the ribonucleic acid might be combined as a 
nucleoprotein in the cell. This was shown to be the case by auto- 


1 Thompson & Dubos, 1938. * Henry & Stacey, 1943. 
* These observations later confirmed Bartholomew & Umbreit, 1944. 


4 Avery et al., 1944. 5 Sakaguchi, 1925. 


152 THE METABOLISM OF NUCLEIC ACID 


lysing gram-positive cells (C7. welchi and yeast) at pH 8-0 and 
37°, when a nucleoprotein giving a gram-positive reaction was 
separated. On splitting this into protein and nucleic acid neither 
component fixed the stain, but on recombining the two with Mg in 
the presence of formaldehyde a gram-positive complex was re- 
formed. It was again shown that this procedure was not possible 
with gram-negative organisms.1 It was noted that the ratio of 
the two types of nucleic acid differed in the gram-positive and 
gram-negative organisms examined, the former giving a ribose/ 
desoxyribose ratio of more than 8/1, the latter 1-3/1. 


The decomposition products of nucleic acid 


Besides the nucleic acids proper (polynucleotides), various de- 
composition products occur in the cell. These are (1) mono- 
nucleotides, compounds containing one molecule each of base, 
pentose and phosphoric acid; (2) nucleosides, compounds of 
base and pentose; and (3) free bases. 

When nucleic acid is added to bacterial suspensions it is decom- 
posed into its components. MacFadyen? showed that a 3% 
solution of yeast nucleic acid added to a suspension of Bac. 
subtilis was disrupted to the extent of 80% in 48 hours at pH 6°8. 
The preparation was fractionated into undecomposed nucleic acid 
by the use of uranyl chloride 1-25°% in 10% trichloracetic acid ; 
at pH 6-8 the nucleic acid was precipitated whilst the nucleotides 
and smaller units were left in solution ; the supernatant solution 
was then precipitated with lead acetate at pH 6-8, which removed 
nucleotides. From this procedure four fractions were obtained : 
(1) the sodium carbonate solution of the uranyl trichloracetic pre- 
cipitate ; (2) the filtrate from this; (3) the supernatant after 
treatment with neutral lead acetate and removal of lead ; (4) the 
unfractionated culture. Each fraction was analysed for total N 
inorganic and total P; the results are summarised in Table 3. 
Comparison of columns (f) and (g) shows that the nucleotides 
were decomposed mainly to phosphoric acid ester of ribose and 
bases. The ratio of total N in fraction (3) to that in fraction (2) 
(column (e)) gives the proportion of nucleotides broken down after 
separation from nucleic acid. The decomposition of nucleotides 
can occur in three ways : if P represents phosphate, R ribose and 
N base, 

1. PRN >P+RN 
2, PRN+>P+R+4N 
3. PRN +>PR+N 


‘The ratio of inorganic phosphate to total phosphate in fraction | 


1 Henry et al., 1945. * Macfayden, 1934. 
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TABLE 31 
EXTENT AND QuaLity_oF DISINTEGRATION OF NucLEOTIDES BY Bacillus subtilis 


Inorganic 
Total N Total P P N i i 
Saree ucleotide hydrolysis 
hydrolysis 


Fraction 2 | Fraction 2 


ie A , per cent per ae 
. . 3 I 4 
80 , . 26 54 
80 . . Pg 53 
50 : “06 I 49 
30 . ° ° 30 





Nucleic acid, 3:2% ; pH as shown ; time of incubation, 48 hours. 
c = (b/a) x 100; f = (e/d) X 100; g=c —f. 


¢ represents nucleotide hydrolysis of all three types ; f, nucleotide hydrolysis 
of both types yielding inorganic phosphorus ; g, nucleotide hydrolysis of the 
type yielding phosphoric acid ester of ribose and free nitrogenous base. 


(2) gives the proportion of nucleotide broken down by methods 
1 and 2; this is given in column (/f). The nucleotide broken 
down by 3 is given by the difference between percentage hydro- 
lysis given by N column (c) and that by P column (g). It is 
seen that at acid and neutral values of pH a considerable amount of 
_ decomposition of ribose phosphate occurs which is absent at 
_ alkaline reaction. This may be in part due to the spontaneous 
decomposition of ribose phosphate at acid reactions apart from 
_ bacterial action. 


| 


- The nucleotide fractions of bacteria 


Besides nucleic acid itself various nucleotides, nucleosides and 
free bases are present in the bacterial cell; a study of these is 
due to Boivin and Mesrobeanu.? The method employed was : 

1. Treatment of washed bacteria centrifuged to form a thick 
paste with an equal volume of N/2 trichloracetic-acid at about 
0° for 3 hours ; the whole is then centrifuged. ‘The supernatant 
contains ammonium and mineral salts, sugars, amino-acids and 
“purine derivatives (mononucleotides, nucleosides and free bases), 
but no nucleic acid. ‘The free purines are liberated from both 
the supernatant and the precipitate by 8 hours’ hydrolysis in 
_N HCl at 100° and separated by precipitation with copper.* The 
| total purines (1) and acid-soluble purines (2) are thus obtained ; 
the purines of the nucleic acid are obtained by difference (1-2). 


1 Macfadyen, 7. Biol. Chem. (1934), 107, 306. 
2 Mesrobeanu, 1936. 3 Le Breton & Kayser, 1926. 
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The acid-soluble fraction A is separated into (1) mononucleo- 
tides, (2) nucleosides, and (3) purine bases. (1) is precipitated 
by uranyl acetate and after washing, etc., hydrolysed by acid ; 
the solution then contains free purines originally present as 
nucleotides, which (after removal of uranium) are precipitated 
by copper and estimated by total N. Fraction (3) (purine bases) 
is obtained by precipitation with copper without previous treat- 
ment. The total purines of the acid-soluble fraction are obtained 
by copper precipitation following acid hydrolysis ; the nucleo- 
sides are obtained by difference (A — (1 +3)). The nucleo- 
sides can be estimated directly by precipitation with lead due to 
the fact that lead acetate at pH 5-5 precipitates mononucleotides 
which can be removed ; the filtrate with excess of lead is then 
made alkaline, thus precipitating the nucleosides. 

As pointed out by Boivin,? the procedure outlined above fails 
to distinguish between the N of the purine nucleus and that of 
the amino-purines adenine and guanine ; the latter are estimated 
by the application of van Slyke’s method for amino-N. 

From the free purine bases of the acid-soluble fraction methyl 
purines and uric acid were absent ; guanine, adenine, xanthine 
and hypoxanthine were separated and estimated ; for details of 
the procedure the original papers must be consulted.2 Tables 4 
and 5 give the results obtained. Table 4 shows that with fresh 
bacteria the acid-soluble N forms an important fraction of the 
total, i.e. 10-20%. ‘The ammonia-N and amino-N together make 
up about half the acid-soluble N. The total purine-N forms 
from 0:20 to 0:30% of the fresh bacteria ; this is higher than in 


TABLE 4° 


. Acid- 
Purine- Total Acid- } soluble 
} N (total) purine- } soluble | purine- 
Bacteria per 100} Dry wt.| TotalN| N as N as N as 
parts |bacteria | percent | percent | percent percent = 
bacteria per dry wt. | of total | of total | of total | soluble 
N N 


N acid- 


Staph. aureus . 
B. subtilis 
Proteus vulgaris 
Micrococcus 

prodigiosus 
B. pyocyaneus . 
B. coli 





1 Boivin, 1929, Thesis. 


esrobeanu, 1936, Contribution a l’étud 7 
bactérienne, p. 138. ude des corps puriques de la cellule 


3 Tbid 
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TABLE 5 















In 100 parts of acid-soluble purine-N 


‘ Acid-soluble 
Bacteria purine-N in 100 
parts of total N of free N of nucleo- N of nucleo- 

purine-N purines sides tides 

Staph. aureus . 72 , . 
au 5°7 58-2 36°1 
B. subtilis. . 19'0 2:0 86:1 I1°7 
Proteus vulgaris . 27°0 3°0 821 14°9 
Mic. prodigiosus . 10°5 6°1 58-2 35°7 
B. pyocyaneus . 10°3 3°7 55°3 41°0 
B. coli . ‘ 6:2 5'1 59°! 35°8 


the case of any animal tissue except thymus, which reaches 0-45 °% 
wet weight. The total purine-N is about 10%, of the total bac- 
terial N ; this is also higher than in any animal tissue except 
thymus ; see Table 6. 


TABLE 6',2 


Purine-N in 100 parts of 


Tissue 
Fresh tissue Total N 


Thymus. i 0°45 

Spleen . . 0°16 
. Liver . ; O12; O'145 
, Muscle ‘ 4 0°06 ; 0'075 





» Table 5 shows that 75-95% of the Purine-N is present in the 
acid-insoluble form, i.e. as polynucleotides ; of the acid-soluble 
‘raction the nucleosides are quantitatively the most important 
ind the free purines the least. 


Distribution of purines 
_ The distribution of the purines was studied as follows. The 
“richloracetic extract from 200 g. (wet wt.) of bacteria was separated 
‘nto nucleotides and nucleosides and hydrolysed. The solution 
of purines thus obtained contained no methylated purines and 
‘races only of uric acid; four purine bases were separated and 
| dentified and their approximate amounts estimated. Guanine 
yas obtained by precipitation with ammonia; adenine in the 
/esidue as picrate ; hypoxanthine and xanthine together in the 
esidue by copper precipitation after removal of the picric acid. 
As is seen from Table 7, adenine predominates in both nucleo- 
ides and nucleosides, but the other bases are represented. The 
yurine bases present in the nucleic acid of yeast are adenine and 
yuanine in equimolecular proportions ; supposing the nucleic 


1 Burian & Schur, 1900. 2 Terroine & Ritter, 1927. 
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TABLE 7! 
DISTRIBUTION OF PURINE BASES 


Mols. per cent as 


Organism Nucleotides Nucleosides 


guanine 6°5 
adenine 84°5 
Oxypurines: hypoxanthine 

-+ xanthine 
guanine 
adenine 
xanthine 
hypoxanthine 
guanine 
Bact. ae 

aertrycke ; xanthine 

(Rotgh} Oxypurines hypoxanthine 


Bact. coli . Rint cnetcries 


Proteus Amino-purines 


Oxypurines 


Amino-purines 





acid of bacteria to have a similar structure the predominance of 
adenine in the acid-soluble fractions suggests that it may have 
some origin apart from the enzymic decomposition of nucleic 
acid. ‘The exact structure of the nucleotides of bacteria is un- 
certain ; those of which the structure is already known are muscle 
adenylic acid (p. 69) and yeast adenylic acid ; the former (adeno- 
sine-5-phosphoric acid) is present in the acid-soluble fraction 
of yeast cells and of muscle, the latter (adenosine-3-phosphoric 
acid) is obtained by the hydrolysis of yeast nucleic acid. In yeast 
adenosine-5-phosphoric acid can be decomposed autolytically, 
giving adenosine which can be phosphorylated by the yeast 
enzymes, giving (1) adenosine-5-phosphoric acid and adenosine 
di- and triphosphate.? In addition there is present in yeast and 
in muscle adenyl pyrophosphate (A.T.P.) (p. 69) whose part as 
a phosphate carrier in fermentation has already been discussed. 
A.T.P. has been obtained from the water-soluble fraction of 
Staphylococcus, V. Metschnikovi and Azotobacter? and from the 
trichloracetic extract of various bacteria by precipitation with 
barium.* Lutwak-Mann definitely showed the presence of A.T.P. 
in Bact. coli as follows : the trichloracetic extract was precipitated 
with barium, the precipitate dissolved in hydrochloric acid, freed 
from barium and ammonia and the pyrophosphate-P estimated 
by Lohmann’s method and the adenine amino-N by the specific 


deaminase obtained from frog muscle ; adenylic acid was absent 
from this preparation.® 


* Mesrobeanu, 1936. ® Ostern et al., 1937 and 1938 (1), (2). 


3 Lohmann, 1928 (1), (2). b 
® Lutwak-Mann, 1936. esrobeanu, 1936. 
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The enzymic decomposition of purine compounds 


The interchanges occurring in the purine compounds during 
the autolysis of bacteria have been studied by Boivin and Mes- 
rebeanu.*»* A thick bacterial suspension (200 mg. wet bacteria 
per ml.) buffered at pH 7-0 was divided into two portions. The 
first was treated in the usual way with trichloracetic acid and the 
purine-N of the precipitate and supernatant estimated as usual. 
The second part was autolysed at 37° in the presence of toluene 
for one week and then treated in the same way ; the results are 
seen in Table 8. ‘The small loss in total purine-N is attributable 


TABLE 83 









Purine-N of different fractions in 1000 parts of 
total purine-N of fresh bacteria 





Fraction of purine-N estimated 





Before After 

autolysis autolysis Difference 

| Bact. coli 
Free purines ; ; 3°3 412 4° 37°D 
Nucleosides . ‘ ° 30°4 94'2 + 63:8 
Nucleotides .« . . 23°6 47°0 + 23°4 
Nucleic acid . , 942°7 773°4 — 1693 
1000'0 955'°8 — 44:2 

Proteus 
| Free purines . ‘ 59 67°3 + 614 
Nucleosides . 7 . 1859 312°7 + 126°8 
Nucleotides . ‘ - 42°'8 93°0 — 502 
| Nucleic acid - j 765°4 474°7 — 290°7 
1000°0 947°7 52°3 
Staphylococcus 

Free purines ‘ ‘ 4°2 74°6 + 704 
L Nucleosides . . . 38°6 84°5 + 45°9 
Nucleotides . : . 28'0 38-2 + 10:2 
. Nucleic acid : : 929°2 781'5 —147°7 
10000 978°8 — 21! 





to the deamination of the amino-purines. Apart from this the 
qucleic acid diminishes and the acid-soluble purine fractions 
increase during autolysis ; also the amino-purines of each of the 
acid-soluble fractions diminish, whilst the oxypurines increase. 
For this purpose, the ammonia and amide-N having been estim- 
ated, the acid-soluble fraction was separated into the nucleotide 
fraction and the nucleoside + free purine fraction, in each of which 
following were estimated : 
7) etek canine (A). (2) The amino-N of the amino- 


purines (B). Hence (3) the nuclear N of the amino-purines 
1 Mesrobeanu, 1936. 2 Boivin & Mesrobeanu, 1934. 


% Mesrobeanu, 1936. 
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(4B). This gives the change in the ratio of amino-purines t 
total purines resulting from autolysis (Table 9). 








TABLE 91 
Nuclear-N of amino-purines 
Nuclear-N of total purines 
Organism Fraction 
Before autolysis | After autolysis 
Bact. coli Nucleotides 88-6 61°7 
Nucleosides + free purines 60°5 29°1 
Total acid-soluble ee 38°3 
Proteus Nucleotides 92°5 52°4 
Nucleosides 75°0 45°1 
Total acid-soluble 78°0 46°7 





The bacterial enzymic decomposition of nucleic acid deriva: 
tives added to the medium also occurs. Lutwak-Mann? ha: 
shown that the following compounds are deaminated by washec 
suspensions of Bact. coli and other organisms of the same 
group : (1) adenine ; (2) adenosine ; (3) adenylic acid (yeast and 
muscle); (4) guanylic acid; (5) adenyl pyrophosphate. (3), 
(4) and (5) as well as inosinic acid are dephosphorylated ; hypox- 
anthine was isolated as an end-product from adenosine, adenine, 
inosine and inosinic acid. Ps. pyocyanea produced only deamina- 
tion but lacked dephosphorylating enzymes. 


1 Mesrobeanu, 1936, Thesis, p. 166. 2 Lutwak-Mann, 1936. 


CHAPTER VII 
GROWTH AND NUTRITION 
PHASES OF BACTERIAL GROWTH IN CULTURE MEDIA 


3ACTERIAL growth is usually estimated by a “ viable count.” 
his consists in transferring a small volume from the culture to a 
‘nown volume of sterile Ringer’s solution or other liquid which is 
10N-toxic and non-nutrient ; after successive dilutions in the same 
liluent, a known volume is finally transferred to sterile nutrient 
gar which is either poured on to a plate or rolled in a thin layer 
nside a test-tube (roll tube method) ; after incubation each viable 
ell originally present is represented by a colony; these are 
ounted and the number of viable organisms in the original culture 
alculated. In order to obtain a total count a drop, after suitable 
ilution, is mounted in a special chamber of known volume and 
ounted under the microscope, either after staining or by the use 
€ dark ground illumination ; full critical description of both these 
1ethods is given by Wilson.t A measure of growth may also be 
otained by dry weight or by a determination of total nitrogen by 
micro-Kjeldahl method ; in the latter case it is necessary to be 
tre that the nitrogen content of the organism is constant. With 
‘ganisms which do not clump the growth may be measured in a 
irbidimeter, preferably by means of a photoelectric cell; the 
ethod must be checked against total count or dry weight for 
ich organism used. 

(When culture medium is seeded with a small inoculum and the 
tal count plotted against time, a curve of the form shown in 
ig. 1 is obtained. 

Fig. 1 shows eight phases of growth: 


1. An initial stationary phase during which no multiplication 
‘curs. 

2. The lag phase or period of positive growth acceleration 
iring which the rate of multiplication increases with time. 

3. The logarithmic growth phase during which the rate of in- 
ease remains constant. 

4. The phase of negative growth acceleration during which the 
te of multiplication decreases. 


1 Wilson, 1922. 
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5. The maximum stationary phase during which no change ir 
population occurs. 

6. The phase of accelerated death during which the numbers 
are falling off with increasing rapidity. 

7. The logarithmic death phase during which the rate of death is 
constant. 

8. The phase of decreasing death-rate. ) 


A = Growth as a function of time 
0:8 B = Log.,of growth as a function of time 





= C = Rate of growth as a function of time 
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Fic. 1.—Typical growth curve of bacteria (Roman numerals and dotted vertical 
lines mark the growth phases)! 


The lag phase 


(This comprises all that period (1 and 2) between the moment of 
inoculation and the establishment of a constant and maximum rate 
of cell division.) A large amount of work has been done on this 
phase in order to explain why the viable cell when removed to 
fresh media does not immediately begin to divide at the maximum 
rate. In the vast majority of cases growth has been estimated by 
cell numbers, either total or viable, and it has been assumed that 
growth, i.e. increase in cell material, is proportional to increase in 
cell numbers. Actually, during the logarithmic and later phases 
this is true, but in the lag phase this relation does not hold) This 
was first discovered by Henrici, who showed that in the cases of 
ep megatherium and Bact. coli(the average cell size increased very 
markedly during the lag phase, especially along the major ah 


1 Monod (1942), 


La Croissance bys ; 
Paria): des cultures bactériennes (Hermann et Cie, 
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the average length of B. megatherium at the end of lag being six 
times that of the inoculated cells. This period of increased size 
is also marked by great fluctuations in form, as shown by the area- 


1 
length index (cox): On passing into the logarithmic phase, 


the cells decrease in size, approximating to that of the inoculation ; 
simultaneously, the great fluctuations in form cease. In some 
instances the largest cells occur in the logarithmic phase) Fig. 2, 
from Henrici’s studies (on Bact. coli), illustrates these points. 


Logarithm of Number of Cells. 
Index Number of Area-Length Index 
-——-— Index Number of Average Length 


336912 18 30 48 72 





Hours of Growth 


‘Fic. 2.—Graph illustrating variations in form and size of Bact. coli with the 
age of the culture grown on beef extract agar! 


( These results suggest that some cause operates in fresh media 
favourable to increase of cell material but inhibitory to cell divi- 
‘sion, leading the majority of cells to attain an abnormal size before 
‘splitting occurs. Large inocula tend to decrease this effect, the 
‘average maximum size being smaller and attained earlier than with 
‘small inoculations.? Moreover, if in the latter case the culture is 
‘reinoculated into fresh medium before the critical point of maxi- 
mum size is reached, the cells attain a larger size, and the critical 
‘point occurs later than in the case of the parent culture.* Hence 
‘it appears that the size of the cell is partly conditioned by the 
‘density of the cell population.) Another controlling factor is con- 


1 Henrici, Proc. Soc. exp. Biol. and Med., 1923, 21, 216. 
2 Ibid., 1921, 1923 (1), (2). 8 Ibid., 1923 (2). 


o>) 


Logarithms 
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centration of nutrient material} in broth agar of one-quarter oi 
normal strength, the maximum size of the organisms is smaller 
and the critical point reached earlier (see Fig. 3). Thus crowding 
of cells and decreased concentration of nutriment produce the 
same effect. 


Average length of cells 


Full Strength Agar 
-——-—- Half Strength Agar 
rable Sats Quarter Strength Agar 





a) | 2 3 4 5 6 7 8hr 


Fic. 3.—Influence of concentration of nutrients on average size of cells of 
B. megatherium' 


Hershey and Bronfenbrenner applied Henrici’s initial observa- 
tion to the study of the lag phase.2. These workers followed the 
bacterial development through a 22-hour period by the viable 
count and by the estimation of total nitrogen (Table 1). 


TABLE 13 









Age of Viable Nephelometric Nitrogen Apparent 
culture, count, count, per ml., size, Ratio, 
hours ViGi (er NC/VC N/NC 
x 10°/ml. | x 10%/ml. mg. 
24°0 940 835 0°25 o-9 


739 


1 Henrici, Proc. Soc. exp. Biol. and Med., 1923, 21, 346. 


* Hershey & Bronfenbrenner, 1937, 1938. 3 Hershey, 1939. 
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Fig. 4 shows the usual phenomenon of lag when cell numbers 
are plotted against time, but no lag when cell material as measured 
by total nitrogen is in question. This discrepancy is explained 
when the volume of the cell is considered, the period of lag corre- 
sponding to the presence of large cells and high generation time, 
and the logarithmic phase to the return to normal cell size and low 
generation time. 


Bacteria 







Nitrogen 


0 1 2 3 4 5 6 12 22 
Hours 


Fic. 4.—Increase of population and of bacterial nitrogen in Bact. coli culture. 
The logarithms of numbers and of nitrogen in mg. x 101° per ml. are plotted 
against time. The insert shows the changes in average size expressed as 
nitrogen in mg. x 10!° per cell, and in the average rate of growth as reciprocal 
of generation time during the intervals observed! 


From the above observations it appears that a new definition of 
lag is needed, viz.(that phase of growth during which cell multipli- 
cation is retarded though increase in cell material may be occurring 
at the maximum rate.) This new view of lag makes the discussion 
of much work on that phase very difficult since it is probable that 
much of it is based on a misconception, whilst it is not certain 
that some instances of lag may not involve retarded growth as well 
as cell division. With this uncertainty in mind some characteris- 
tics of the phase may now be considered. 

Early observations showed that the older the culture from which 
the inoculant is taken the longer the lag, and this has received 
recent corroboration. (it must be noted, however, that Hershey? 
has shown that this form of lag relates to cell division and not to 
growth) Table 2 shows that in the early period of a culture sown 
from a 24-hour inoculation there are 0-7 generations per hour, 


1 Hershey, Proc. Soc. exp. Biol. and Med., 1938, 38, 128.  * Ibid., 1939. 
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whilst in the corresponding period of a culture sown from a 3-hour 
inoculant there are 3-4 generations per hour, the rates of growth as 
measured by increase of total nitrogen being unaffected. 


TABLE 21 





Parent culture Subculture 
Period | Viable count, Nitrogen, Nitrogen, Rate of | Rate 
Viable of in- x 105%/mi: x 10-—‘mg/ml. x 10-1°mg/cell multi- | growt 
Age, count, cuba= | ————— plica- | twofo 
hours cells/ tion, Initial | Final | Initial | Final | Initial | Final tion, | increa 
ml. hours gen/hr. | N/hr. 


a a | | | | 
——— | | 





TABLE 3? 


INFLUENCE OF AGE OF INOCULANT ON RATES OF MULTIPLICATION 
AND GROWTH 











Age of culture, Rate of multiplication, Rate of growth, 





hours gen/hr. twofold increase N/hr. 
3°90 3°4 3°2 
3°3 ses 3°70 
3°90 BED 51% 
3°0 3°4 2° 
S73 oo 3°90 
24°0 o"7 3°3 
24°0 o°8 2°5 
36°0 12 2°9 
36°0 rie 2°8 
36°0 Zits 2°4 
42°'0 ET 2°4 


(The type of lag due to age of inoculantjis illustrated in an experi- 
ment of Salter*in which subcultures were made at the end of 8 hours 
and the generation time compared with that of the parent culture 
(Table 4). If inoculations were made from older cultures the 
generation time in the initial phase was much prolonged (‘Table s). 





















TABLE 44 
Time, A Poe a 
hours (oetestelners ae Strep ite ber. 
Culture, B. coli communis 
° 305 — 
4 9,450 §1°5 
2,570,000 3I°5 
Sub-culture 
4 945 = 
238,500 31°9 


1 Hershey, ¥. Bact. (1939), 37, 290. 2 Ibid., 1 
4 Ibid., J. Inf. Dis. (1919), 24, 260. agate 


3 Salter, 1919. 
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TABLE 51 









Age of culture from Average number 

Time, which inoculations of bacteria Average generation 

hours were made per c.c. time in minutes 
OS ee Cee eee 




















Days 

° I 388 

2 1,070 72'1 
a 13,000 33°3 
6 177,000 31°8 
s 4,400,000 25°9 
© 4 349 

a 520 179°7 
4 7,500 26°9 
6 167,000 23°1 
8 1,750,000 






Highly instructive in this connection are the experiments of 
Sherman and Albus. These workers showed that “ old ” cul- 
tures of Bact. coli, i.e. those over a week old, which had ceased 
for some days from appreciable multiplication, were markedly 
less sensitive to unfavourable conditions, such as exposure to cold 
(2° C.), heat (53° C.), 2% sodium chloride or 5% phenol, than 
were those taken from rapidly growing cultures a few hours after 
reinoculation. This was shown by removing samples from the 
culture and making a viable count (1) immediately, and (2) after 
exposure for 1 hour to the unfavourable condition. An example 
of their results is shown in Table 6. 





TABLE 63 
Errects or ExposurRE TO 2% NaCl upon Mature AND YOUNG CELLS OF 
Bact. coli 
No. of Bacteria per c.c. 
Exp. No. Age of culture Temperature = |_—£_——_—__________——_- 
incubated At beginning After 1 hour 
I 21 hours 37° C, 890 770 
2 2 days Laborato 378 356 
3 7 » ” 1470 1410 
4 pe . 880 960 
I 34 hours 49°C 2530 27 
2 34» ” 1110 72 
3 3% » r» 2190 55 





The direct bearing of these results on the problem of the lag 
ghase is displayed clearly in an experiment in which an old pep- 
one culture of Bact. coli was sown into a new peptone medium 
and samples withdrawn at intervals and counted (1) direct, (2) 


1 Salter, 7. Inf. Dis. (1919), 24, 260. 
s enitd a hibus, 1923 and 1924. 3 Ibid., ¥. Bact. (1923), 8, 127. 
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after exposure for 1 hour to 5% sodium chloride. Here the bac- 
teria exhibit a decreasing tolerance for the salt solution as the lag 
phase advances, showing that they are undergoing a slow physiolo- 
gical change either of permeability or other surface condition 
evidenced by their reaction to the salt solution. 

It has frequently been asserted that cells in the later stages of 
lag are in a high state of metabolic activity in respect of O, uptake, 
CO, elimination, deamination, etc.’ * * It is now clear that this 
is true only of chemical or metabolic activity related to cell num- 
bers and disappears if related to quantity of cell material. ‘This 





pl. 0,[Hr.x 107 | cell x 10°/9.N 
fe) 
Log. cell numbers | ml, 


12 
10 enacteria s ? 9:0 
®e 8 
e 8-6 
9 
8 @ 8-2 
7 7:8 
t-74 
x -0,/8-N x x x 
ape 2-7 
5-x . x xX 
4 x x x-6°6 
x 
3 a A I 6:2 
20 9 ie) Lx O-5:-83 
1@) Oo re) ° O 
1 fe) T 5:4 
0. SS ee =Ts 2-858 oem. omen ies 5:0 
0 1 2 3 4 5 6 re 8 12 18 24 
Hours 


Fic. 5.—Rates of oxygen uptake per viable cell and per g. bacterial N in relation 
to phase of growth of Bact. coli cultures® 


is shown in Fig. 5 in respect of respiratory activity and in Fig. 6 
where rate of disappearance of glucose is shown to be strictly 
proportional to increase of cell material throughout the growth 
period. 

Prolonged lag, actually a prolonged stationary phase, has been 
shown to occur when growth takes place in a synthetic as opposed 
to a broth medium.® This effect is not attributable to change 
of medium and it is worthy of remark that the subsequent growth 
rate is not affected. It has been suggested that the effect is due 
to traces of poisonous metals which are in time removed by 
adsorption on to the colloidal particles introduced with the in- 


1 Martin, 1932. 2 Walker & Winslow, 1932. 3 Walker et al., 1934. 
4 Hershey & Bronfenbrenner, 1937. 


® Ibid., ¥. Gen. Physiol., 21, 726 (1937.) ® Monod, 1942. 
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oculum ; in broth media, well furnished with colloids, this removal 
occurs more quickly. This explanation is supported by the obser- 
vation that the length of lag in brain broth was increased from 
3° minutes to 2 hours by the presence of a strip of silver foil, 
the subsequent rate of growth and total crop being unaffected. 
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Increase of growth 
Fic. 6.—Bact. coli in synthetic media and glucose? 
1. Rate of growth. 2. Consumption of glucose as function of time. 3. Con- 
sumption of glucose as a function of increase in growth. 
In a synthetic medium the length of lag is decreased if the number 
of cells in the inoculant is increased ; this may be due to adsorp- 
tion of metal poisons as suggested above. 


The relation of the viable to the total count 
Another aspect of growth rate has been disclosed by the careful 
studies of Wilson.* Working with B. suipestifer in a tryptic 


1 Monod, 2. 
s Ibid., Pi ee des cultures bactériennes (Hermann & Cie, Paris). 
* Wilson, 1926. 


168 


GROWTH AND NUTRITION 


broth, he made both total and viable counts, and found that even 
during the logarithmic phase the total count exceeded the viable ; 
an example of his results is given in Fig. 7 and Table 7. These 


LOG. OF 
COUNT. 


3:0 


Fic. 7.—Showing the total and viable counts in a broth culture of 


Total count = continuous line. 






Time after 
inoculation, 


minutes 


° 

60 
140 
190 
240 
290 
370 
440 
510 


100 


200 


300 400 


7ime in rninutes 


Bact. suipestifer: 
Viable count = interrupted line 


TABLE 7? 


Viable count 
per c.c. 


62,150 
249,700 
2,417,000 
10,570,000 
43,290,000 
116,900,000 
416,100,000 
646,800,000 
781,500,000 


Total count 
per c.c. 


81,470 


50,780,000 
176,000,000 
535,100,000 
860,400,000 

1,045,000,000 


+ Wilson, ¥. Bact., 1922, 7, 434. 


500 


Relation of viable 


to total 


per cent 


76°28 


85°23 
66°37 
77°76 
75°16 
71°90 


2 Ibid. 


60C 
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results agree with the theory that in every generation the majority 
of the organisms continue to divide, whilst a constant percentage 
failtodoso. To make this clear, Wilson supposes 1000 organisms 
per c.c. alive at the beginning of the logarithmic phase ; at the end 
of the first generation there would be 2000 organisms, of which, 
say, 80% or 1600 would live and divide, whilst 20% or 400 would 
die. The continuation of the process is seen clearly in Table 8. 
TABLE 8 
————_———_$ 


Organisms per c.c. 
Viable 





Non-viable Total 
Start . = -| 1,000 ° 1,000 
Endoftstgeneration| 1,600 400 2,000 
— 2d ,, 2,560} 640+ 400= 1,040] 3,200+ 400= 3,600 
. 3rd - 4,096 | 1,024+1,040= 2,064| 5,120+1,040= 6,160 
» 4th ,, 6,555 | 2,064+1,637= 3,701 | 8,192+-2,064= 10,256 
» 5th a 10,488 | 3,701+2,622= 6,323 | 13,110+3,701= 16,811 


ie th i,, 16,781 | 6,323+4,195= 10,518 | 20,976+ 6,323 = 27,299 





If the logarithms of these counts are plotted against the time, 
he curve for the viable organisms lies along an oblique straight 
ine, whereas that for the total rises at first slightly more rapidly 
ind then continues along an almost straight line very slightly 
livergent from that of the viable count (Fig. 8). 


Logs 
OF 
COUNTS xo 
€ 
Spee 
GENERATIONS 


Fic. 8 


It was pointed out by Wilson that this view of the discrepancy 
yetween the total and viable counts involves a modification in 
sur method of calculating the generation time of an organism. 
\ccording to the assumption that during the logarithmic phase 
Il the organisms produced in each generation are viable, then 
he number of generations in a given period is calculated from the 
log b — log a 


_“ where n = the number of generations, 
og 2 


ormula n = 
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b the number of organisms at the end, and a the number at th 
beginning of the given period. But if (say) 80% only are dividins 
the number of organisms in each generation rises by 1-6 instead c 
Log eta ee 

log 1-6 
creases the figure for the average generation time. Thus Wilso 
calculates from one of his experiments a generation time of 25: 
minutes, according to the old formula, and of 19-7 minut 
according to the new. 


2, hence the formula required is n = 


Causes affecting reproductive rate 


The rate of reproduction is largely influenced by temperatur 
Thus measurable reproduction in Bact. coli, for example, begins « 


From 


Infinit, 
SU Sass se 28s a 
BERERRERDE A 
BGRERARESSS 
OMGMaGmercr 
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eS 


















(8) 
125 15-0 17-5 20:0 22:5 25:0 27-5 30:0 32-5 35-0 37-5 40-0 42-5 45-0 47-5 
De grees C entigrade 


Fic. 9.—The growth rate of Bact. coli at different temperatures! 
1 Barber, ¥. inf. Dis., 5, 396 (1908). 
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out 10° and increases rapidly to 37°, where it reaches a maximum 
@ generation time of 17 minutes ; this remains nearly constant 
» 45°, when it falls rapidly till growth practically ceases at 49° 
‘ig. 9). The rates of growth of Bact. coli on synthetic media 
ith glucose, mannitol, sorbitol and maltose are very close ; the 
9 is givenin Table 9. The log of the growth rate plotted against 
1¢ reciprocal of the absolute temperature is shown in Fig. to. 


TABLE 9 


Qro 


Source of carbon . : 23°-33° 27°-37° 
Glucose * . ; 21 1°90 


Mannitol . : 2°0 1°85 
Sorbitol P ; R 21 1°90 
Maltose p F ‘ 2'1 1°80 





5-0 


@ = Glucose 


O = Mannitol 
4 = Sorbitol 
O = Maltose 






s 
A--. 
ae -2-——-— 


‘ 
: 
, 
‘ 
> 
— 
> 4-0 
E =18,200 
2-5 
0-00320 0:00325 0°00330 0-00335 0-:00340 


y T. abs. 


G. 10.—Bact. coli on synthetic medium with different sources of carbon. 
Log. of the growth rate as a function of the reciprocal of the absolute tem- 
perature! 


te effect of pH 

The effect of pH on multiplication rate is very marked but varies 
th different organisms. Much published work on this subject 
vitiated because it takes account only of the initial pH. In some 


1 Monod (1942), La Croissance des cultures bactériennes (Hermann & Cie, 
ris). 
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media, e.g. those containing fermentable carbohydrate, this changes 
so rapidly that the pH at which the reproduction rate is measure¢ 
‘s far removed from that at the start. Fig. 8, Chapter XI, shows 
that E. coli grows between pH (initial) 4-5 and go. Table 1c 
shows how far these values vary during the course of the expert- 
ment.? 


TABLE 10 


VARIATION OF PH oF Menta (TRYPTIC DIGEST OF CASEIN) 
DURING GROWTH OF E. coli 










Buffer 





Initial Final Mean 
M/60 phthalate . } 4°55 4°71 4°63 
M/60 phthalate. ; 4°95 5°58 5°26 
M/45 phosphate . é 6°16 6:58 6°37 
M/45 phosphate . - 7°OI 7°10 7°05 
M/45 phosphate . ~ 8-21 7°82 8-o1 
M/60 borate - , 8-82 8-70 8°75 
M/60 borate : - g'10 9°10 g°10 






Effect of food concentration on growth rate 


The rate of growth in the logarithmic phase is largely indepen: 
dent of concentration of carbon nutrients until this reaches a loy 
level. This has been shown in brain broth and also in syntheti 
medium for both coli and subtilis. In the former the minimum 
generation time for subtilis is 36 minutes (see Table 11), in syn 
thetic medium with sucrose 45 minutes, whilst coli on glucos¢ 
attains a generation time of 45 minutes. Fig. 11 shows the 
influence of glucose concentration on generation time for coli. 
Maximum growth rate is reached at about 25 mg./litre, half-rate 


TABLE 11 


Bac. subtilis ON BRAIN BRoTH. RATE OF GROWTH, ETC., IN 
THE LAG PHASE AS A FUNCTION OF THE INITIAL 
CONCENTRATION OF THE MEDIUM 


Initial conc. 
of medium Rate of growth Gen. time, 
X 0-005 g./ml. No. divs./H minutes 


150 1°67 
12'0 1°65 
8-0 1°65 
5°0 1°64 
4% 1°43 
3°0 118 
I's 0°87 





1 Gale & Epps, 1942. 
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at 4 mg./litre. The resemblance between this curve and one in 
which enzyme activity is plotted against concentration of sub- 
trate is obvious and indicates that growth rate may be controlled 
ay the rate of action of one enzyme in the chain of glycolytic 
eactions ; this idea has been critically discussed-by Monod. 


2-0 





1-5 
fe 


2 
—~1:0 Experiment / 
a 
> 
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00 125 150 


' : 25 50 76 1 
: Glucose mg. hs, 


1G. 11.—Rate of growth of Bact. coli in synthetic medium as a function of 
. the concentration of glucose! 


"actors influencing total crop 


‘ In studying the factors influencing the total bacterial substance 
roduced on any given media the problem of aeration becomes 
*ry important? where aerobes or facultative anaerobes are in 
sestion. ‘There is little doubt that insufficient aeration has, in 
1e past, often been the limiting factor when cessation of growth 
as attributed to other causes. Mechanical agitation—as in a 
farburg tank—suffices if the depth of the medium does not ex- 
ed 8 mm.; when this is exceeded bubbling sterile air from a 
“essure cylinder through a porous glass filter or similar device must 
semployed. The necessity for adding CO, in the early stages must 
so be emphasised ; CO, as a growth factor has been discussed 
-sewhere (pp. 86 and 213). The accompanying graph (Fig. 12) 
ows the relation of CO, to growth rate. ‘The amount of bac- 
rial growth is usually measured by a photo-electric turbidimeter. 
he relation of this to cell material and also to cell numbers once 


1 Monod, 1942, p. 70. * Ibid. 1942. % Dagley & Hinshelwood, 1938. 
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the logarithmic phase is reached has been tested by a number | 
workers and may now be taken for granted.? 


400 


300 


Mean generation time (minutes) 
Le) 
oO 
o 
& 





0:02 0-04 0:06 0:08 0:10 0:12 0:14 0-16 


Per cent CO, in gas 


Fic. 12.+Effect of concentration of CO, on the growth rate of Bact. laci 
aerogenes 


The relation of total crop to concentration of medium has bee 
tested out by Monod.* It is important to select for this purpos 
an organism which can grow on a simple medium in the absent 
of growth factors and amino-acids, otherwise absence or shot 
supply of any of these may become limiting. Using coli growing o 
brain broth, the total crop was shown to be strictly proportion: 
to the concentration of the medium between 0-005 and o-r g./m 
(wet weight). (‘The units in which the crop was measured are ni 
supplied.) A similar result was obtained with Bac. subtilis. _ 
was shown in both cases that the limiting factor was carbo 
supply, glucose added after growth had ceased causing its imm 
diate resumption, whilst added NH,Cl or phosphate had no effec 

Studies of both coli and subtilis on synthetic media showed th: 
the crop is strictly proportional to the concentration of glucose ‘ 
sucrose between 0:2 and 0:02 mg./ml., the mean value for ti 
ratio mg. bacteria (dry) per mg. carbohydrate being 0-233 in th 
case of coli and glucose and 0-218 for subtilis and sucrose. 


: | 


1 Monod, 1942, p. 38. 5 Deeley & Hinshelwood, ¥. Chem. Soc. 
onod, 1942, p. 38. 
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mdency was found for this ratio to alter as the concentration of 
ve carbohydrate fell off, and the author concludes that the sole 
ctor limiting crop is the amount of carbon material, and that the 
tio of crop to concentration of medium is independent of the 
ilution of the food material. This implies that there exists no 
emand for maintenance apart from growth. Thus if M = total 
rop, C the concentration of food and Co the concentration re- 
uired for maintenance apart from growth, then M = K (C-Co) 
nd Co is the point where the straight line cuts the abscissa. But 
nee in all cases tested the line passes through the origin it may 
deduced that Co is O and hence that the sole use of the carbon 
mnstituent of this medium is for growth, the conception of energy 
‘ maintenance becoming unnecessary. 


TABLE 12? 
Tora GrowTu oF Bact. coli on SYNTHETIC MEDIUM -+- GLUCOSE 


_ Conc. glucose, Total growth, Total growth, Error 
mg./litre units of mg. dry wt. %, digression 
density per litre 





TABLE 13? 
. Tora Growtu or Bac. subtilis oN SYNTHETIC MEDIUM + SUCROSE 
4 













Total growth Total growth, Ratio Error 
athe of ‘ mg. dry wt. % digression 
density per litre B from mean 

B A 





82°5 610 0'203 — 69 
68-0 54°4 0218 oo 
56°5 45°2 0°225 + 33 
38°3 30°6 0°204 — 64 
26°2 21° o'210 — 37 
15°5 12°4 0248 + 13°97 
8-0 6°4 + 17° 





1 Monod, 1942, p. 44. 2 Ibid., p. 43. 
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Fic. 13.—Total growth of culture of Bact. coli in synthetic medium as a 
function of the concentration of glucose 
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Fic. 14.—Total growth of culture of Bac. subtilis in s 
function of the concentration of suc 


1 Monod (1942), La Croissance des cultures bactériennes 
Paris). (Hermann & C 


2 Ibid. 
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Uhe effect of growth rate on crop 


It has been shown that in synthetic media in optimal conditions 
»acterial crop is proportional to the concentration of the carbon 
-ompound and that the rate is independent of concentration 
within wide limits. If now the growth rate is limited by some fac- 
or such as suboptimal oxygen supply or change of pH, it is found 
hat the total crop is unaffected, though of course taking longer to 
ittain. ‘This is true both for synthetic and complex media! (see 
Pig. 15). These results provide additional evidence against the 
dea that the cell requires energy for maintenance apart from 


75 


® Culture shaken 
o Culture not shaken 


50 


Density 


25 





Hours 


Fic. 15.—Growth of two cultures of Bact. coli on synthetic medium 
-+- ammonium lactate. A at rest, B shaken? 


rowth. Such energy is proportional to t, the time of the growth 
eriod, and D, the amount or density of living material produced 
itime t. Since D is the same whether t = 5 or 8 hours, the evi- 
ence that the cell requires some part of the energy derived from 
1e food material for purposes other than growth falls to the 
round. For further discussion of this subject see Monod. 


afluence of temperature on crop 

The influence of temperature on crop is shown in Fig. 16. For 
ae four carbon sources given, between 29° and 33° the crop is 
naffected by temperature, between 33° and 41° it falls off and 


1 ; 
8 TAN La Croissance des cultures bactériennes (Hermann & Cie, 


aris). 
4 Ibid., 1942, Pp. 92. 
N 
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between 29° and 23° it rises. Closely parallel results are obtained 
for the four compounds tried. 


Sorbitol 


Total growth 





0 25 30 35 40 
Temperature °C. 


Fic. 16.—Total growth as a function of temperature. Bact. coli on syn- 
thetic medium in presence of different carbon sources! 


NUTRITION 
General considerations 


The food requirements of bacteria differ profoundly fron 
species to species. At one end of the scale are the strict autotro 
phants whose needs are met by inorganic materials, carbon bein 
supplied in the form of carbonate or carbon dioxide and nitroge 
as ammonium, salts, nitrates or nitrites. At the other end of th 
scale are organisms which can be grown at present only in com 
plex protein digests to which are added blood or other tissues, cul 
minating in such organisms as M. lepre, which has so far defie 
all efforts at cultivation in vitro. 


< ae (1942), La Croissance des cultures bactériennes (Hermann & Ci 
aris). 


J 
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Salt requirements 


The basal salt requirements common to all bacteria are un- 
known. In the absence of exact information the following are 
eye! supplied and found adequate : Na, K, Mg, Fe, SO,, PO, 
and Cl. 

In the case of FE. coli! a study with carefully purified salts using 
a nutrient broth as control for optimum requirements gave the 
following results: ‘The basal salts used were NaCl 05% 
(NH,).SO, 08%, KH,PO, 0:2% and Na,HPO,0:2%. Fe and 
Mg were both necessary for optimum growth, exerting their 
maximum effect at 0-5 yg./ml. and o-5-1-4 yug./ml. respectively. 









0 0-002 0:004 0-006 0-008 0-01 0-012 
Milligrams of Iron per 25cc.infusionfree medium. 


Fic. 17 


The effect of Mg was detectable at o-000005 yg./ml. and Fe at 
00005 ug./ml. The following were found to exert no effect : Ca, 
Sr, Co, Ni, Mn, Zn, Al, Cu, Rb, Cs, Si and Mb. 

It is probable, however, that other organisms have further re- 
quirements. Traces of Cu and Zn have been found to improve 
the growth of C. diphtherie* and the effect of Mb on nitrogen 
fixation is mentioned on p. 232. Another striking case is that of 
C. diphtherie* in which toxin production on laboratory medium is 
extremely sensitive to the concentration of iron, 2°8 x 10-§ M 
being optimum with a sharp fall on either side. The inhibitive 
effect of increased concentration is on toxin production, not on 

owth ; experimental data at low concentrations of iron (dotted 
line) are lacking (Fig. 17). See, however, recent work, Chapter V, 


p. 120. li( ape 
A possible method for determining the inorganic requirements 
1 Young et al., 1944. 2 Happold et al., private communication. 


* Pappenheimer & Johnson, 1936. 
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of any strain of bacteria might be the analysis of the ash. This, 
however, provides no safe guide since the inorganic content of the 
bacterial cell differs enormously not only from species to species 
and from strain to strain but also according to the inorganic con- 
tent of the medium on which the organism is grown. These points 
are illustrated in Tables 14, 15 and 16. 


TABLE 14! 
ORGANISMS GROWN ON SURFACES OF MEAT PEPTONE BROTH AGAR 


g. of element per cent dry weight of organism 
Organism 


Bact. coli . ; 
Bact. typhi ; : 
Bact. aertrycke (rough) 


Bact. aertrycke (smooth 
Staph. albus * F 
Staph. aureus. : 
Bac. anthracis (rough) .« 
Bac. anthracis (smooth) 
V. cholere (rough) 

V. cholera (smooth) 





TABLE 152 
VARIATIONS IN THE ASH CONTENT OF B. coli 


Lowest per cent Highest per cent 


60-2 79°6 


2°11 7 83 
© 92 4°22 
o"04 2°71 





TABLE 163 
INFLUENCE OF SALT CONTENT OF MEpIUM ON AsH CONTENT OF BACTERIA 



















Vibrion cholerique Ash, K per cent Na pe t 
(Past.),var. ‘“smooth”’ |percent| Medium Bact. Median: 5 "Bact riba: “Bact 
Medium I . - | 6:02 | 0°445 0402 | 6:0 0-76 0°066) = o'13 
weAlin -| 5110 | 069 =.0°048 | 5:40 ~3= 076 0°025 0:076 
Mg per cent Fe per cent Ves 
Medium _ Bact. Medium Bact. Medium pact, | 
6:02 | 0:245 0-09 0'039 = 008 I'o 1°48 | 
5‘10 | O13 O15 Traces 0-003 | 0:87 I'21 


ES ee ee 
Guilleman and Larson,‘ studying Bact. coli, found 

. coh, that on 

death by heat about half of the salts diffuse out, whilst the ‘oth 


1 Damboviceanu & Barber, 1931 2D 
i ; : awson, I9I19Q. 
3 Damboviceanu & Barber, 1931. 4 Guilleman Lake 1922. 
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half remain fixed in the cell and contribute to the analysis of the 
cell ash. Whether we are justified in considering the former as 
non-essential and accidental and the latter as essential components 
of the cell is doubtful, but the observation serves to explain the 
large differences in ash content noted by previous observers, 
according to the type of medium on which the cell is grown. The 
results of Guilleman and Larson are summarised by Falk? as 
follows : 


Total dry matter in organisms apt ects 
Total ash in the dry matter . : wo wip 
Fixed salts in the ash . é : « + 42°79% 
Free salts in the ash. ; : ala pr 


The high ratio of K : Na and the confining of iron to the non- 
diffusible constituents of the cell are in harmony with analysis of 
other cells. There is every probability that the figures for the 
fixed salts of the ash in Table 17 represent a rough picture of 
bacterial inorganic composition, but doubtless special constituents 


TABLE 17? 


Fixed salts as Free salts as 
Element or group per cent dry wt. per cent dry wt. 


0°00 
35°61 

13°77 

21°84 
5°92 
1°78 
3°35 
12°95 
2°61 
33°99 


96°21 





enter into the composition of certain organisms. It will be noted 
that the elements of the “ fixed ” salts find a place in most 1n- 


organic media. 


General nutritional requirements 

All autotrophic bacteria supply the carbon and nitrogen require- 
ments of the growing cells from carbon dioxide and ammonia. 
These organisms have the simplest requirements and the most 
‘complex synthetic machinery, and are independent of other forms 
‘of life for any constituent of their food. 


1 Falk, Abstr. Bact. (1923), 7, 33- 2 Ibid. 
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A number of heterotrophants can use ammonia as the sole source 
of nitrogen, the carbon being supplied by carbohydrate or simple 
organic acids. Thus in a nutritional study by Koser and Rettger,? 
out of 39 organisms tested 21 grew on a basal medium with 
glycerol and ammonium phosphate, from which these organisms 
are therefore able to synthesise all their amino-acids. No marked 
improvement in growth occurred when ammonia was replaced by 
single amino-acids or by mixtures of two or three (e.g. glycine, 
aspartic acid and tyrosine). With a complicated mixture con- 
taining, in addition to the three amino-acids mentioned, also 
valine, glutamic acid, lysine, histidine, tryptophan, besides taurine, 
creatine and allantoine, more rapid growth was obtained and the 
mixture also supported the growth of four organisms, viz. Bac. 
subtilis, Bact. typhosum, B. pullorum and Sarc. lutea, which did not 
grow on glycerol and ammonia or on a single amino-acid. 

These observations find their explanation in later work, in which 
it is shown that certain organisms (e.g. some strains of Bact. 
typhosum) lack the power to synthesise tryptophan and, when this 
is added, are able to grow in media in which all other amino-acids 
are replaced by ammonium phosphate. Moreover, it is now clear 
that failure to grow on simple amino-acids or on mixtures of these 
may have nothing to do with failure to synthesise protein but to 
the absence of growth factors. Organisms able to grow on simple 
amino-acids as well as on ammonia probably actually use the latter 
obtained from the amino-acid by deamination. The more rapid 
growth on the complex mixtures may mean that synthesis of some 
of the amino-acids is a slow process and limits the growth rate, 
which increases if the amino-acid is supplied ready-made. 

The optimum concentration of ammonia appears to be con- 
tained in 0-1% ammonium chloride, though growth capable of 
subcultivation is obtained in 0-01 %.2 

The use of the term “ non-ammonia-assimilating ” for organ- 
isms which fail to grow on ammonium salts without the addition 
of amino-acids is misleading and has led to much confusion of 
thought. The failure to grow may be due to inability to synthesise 
one or more of its amino-acids from ammonia and a simple carbon 
compound—as in the case of Bact. typhosum (see above)—or it 


may be due to the absence of some growth factor unconnected 
with protein synthesis. 


Use of carbon compounds — 


_Autotrophic bacteria obtain their carbon for growth from carbon 
dioxide or carbonate, so their carbon requirements need no further 
discussion. Heterotrophants are assumed to require carbon com- 


 Koser & Rettger, 1919. ? Friedlein, 1928. 
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pounds for energy and cell synthesis ; whether energy is required 
for the bacterial cell, except for purposes of synthesis, has been 
already discussed. The variety of organic compounds available to 
an organism varies enormously from species to species and prob- 
ably forms the principal basis of its adaptation to environment. 

A valuable study on this subject by den Dooren de Jong? con- 
sists in showing which among a large number of compounds can 
serve as sole source of carbon in a synthetic medium for a group 
of common organisms which can use ammonia as sole source of 
nitrogen ; his results are given in Table 18. It is instructive to 
compare the utilisation of the amines, amino-acids, etc., as sources 
of carbon and as sources of nitrogen. These records show that 
carbohydrates and related compounds are the most generally 
utilised ; next come malic, citric, succinic and lactic acids, fol- 
lowed by the fatty acids and lastly by the monohydric alcohols. 
Where negative results are obtained throughout, as with Microc. 
albus, one suspects that growth fails for lack of an unknown growth 
factor rather than from complete inability to oxidise so repre- 
sentative a collection of compounds. 

By the use of selective media organisms were isolated from the 
soil with much more varied oxidative powers. ‘Thus, whereas in 
the group of stock organisms in Table 18 the amines were in 
general not available as sources of carbon, Ps. aminovorans % 
isolated from soil on media containing amines as source of carbon 
showed much enhanced powers of utilising these compounds. 
Similar examples from the same work could be given, from which 
one learns that there exist in the soil organisms with extremely 
varied oxidative mechanisms of which the strains in cultivation in 


_ the laboratory are very meagre representatives ; Ps. putida, for 


example, is able to supply its carbon requirements from 77 out of 
200 compounds tested, including 6 carbohydrates, 10 alcohols, 
10 saturated fatty acids, 3 unsaturated fatty acids, 17 amino-acids, 
g amides and 7 amines. 

The question whether any given compound can function as a 
source of carbon for any given organism depends on several fac- 
tors : (1) The organism must be able to decompose the compound, 
as it is unlikely that any constituent of media is sufficiently reactive 
to enter without change into the material of the cell. ‘The change 
may occur aerobically or anaerobically by any of the methods dis- 
cussed in Chapters II, IV and V, and must yield energy for 
subsequent synthetic reactions. (2) It must also yield some com- 
pound which can be utilised by the cell for synthetic purposes. 
Examples of substances readily oxidised but failing to support 


(Continued on p. 192] 


1 den Dooren de Jong, 1926. 
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TABLE 181 





Tapwater with o:1% K,HPO,, 
or % Am,SO,, 1% CaCOs, 0°5% 
of the undermentioned 
compounds 


Bac. vulgatus 
Bac. mycoides 
Bac. polymyxa 
B. aerogenes 
B. coli 
B. prodigiosum 
B. herbicola 
B. vulgare 
Myc. phlei 
Microc. albus 
Sarc. lutea 
Ps. fluorescens 
Ps. aminovorans @ 


Formic acid 

Acetic acid . 

Propionic acid 

Butyric acid 

Isobutyric acid 

Valeric acid 

Caproic acid 

Heptylic acid 

Caprylic acid 

Nonylic acid 

Capric acid . 

Lauric acid . 

Palmitic acid 

Stearic acid 

Acrylic acid 

a-Crotonic acid 
Undecylic acid 

Oleic acid 

Elaidic acid 

Glycollic acid 

Lactic acid . ’ - 
a-Hydroxybutyric acid . 
8-Hydroxybutyric acid . 
Hydroxyisobutyric acid. 
Glyceric acid : 
Pyruvic acid 

Levulinic acid 

Oxalic acid . 

Malonic acid : 
Ethylmalonic acid 
Dimethylmalonic acid . 
Diethylmalonic acid 
Succinic acid 
Methylsuccinic acid 
Glutaric acid 

Adipic acid 

Pimelic acid 

Suberic acid 

Azelaic acid 

Sebacic acid 

Maleic acid 

Fumaric acid 

Citraconic acid 
Mesaconic acid 
Tricarballic acid . : 
Aconitic acid : ak 
Malic acid . 
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TABLE 18 (continued) 





pweter _— m 1% HPO 
% Am,S % Caco, 05% 
of the ee ade eetinees 
compounds 


B. herbicola 
B. vulgare 
Myc. phiei 


Bac. vulgatus 
Sarc. lutea 


< 
3 
3 
S 
= 
3 
9 


Bac. polymyxa 
B. aerogenes 
B. colt 
B. prodigiosum 
Microc. albus 

Ps. fluorescens 


: + + 
henylacetic acid . ee ae bee | ed | eee 


-Phenylpropionic 2 SE as BE Si) ah ie ee es ee ee (—j — 
menyigtycollic acid =. | —/| —| —| —| —| —|—|— ee eee | es es x 





rompropionic acid . | —| —| —| —| — Oy ae eee eo eee eee Be. 
Brompropionic acid . | — |(—)} —| —|.—| —| — ay es C91 CF = 
richlorbutyric acid . | —| —| —| —| —|—|—|—|—]—-|—-|- ae 
Brombutyric acid ee ee ee | ee een eee eee eed ee == 
mumetyricecd «| —|—|—| —| —|—| —| — (= — i) = vs 
‘omsuccinic acid ~ (Kl — 104104) (44) — 1 + 1 — + + 


ywater with 0-1% K,HPO,, 
to! Am,S0O,,1% aCOy, r0% 
of the undermentioned 
compounds 


ethyl alcohol . ~ (| -|-l|- ( 
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TABLE 18 (continued) 





Tapwater with 01% K,HPO,, 
o'r % Am,SO,, 1% CaCO,, 1:0% 
of the undermentioned 
compounds 


Bac. vulgatus 
Bac. mycoides 
Bac. polymyxa 
B. aerogenes 
B. coli 
B. prodigiosum 
B. herbicola 
B. vulgare 
Myc. phlei 
Microc. albus 
Sarc. lutea 
Ps. fluorescens 
Ps. aminovorans a 


Styron _ 
Saligenin : -|— 
Cyclohexanol ; ~f- 
1-2-Methylcyclohexanol | — 
1-3-Methylcyclohexanol | — 
1-4-Methylcyclohexanol |( 
Ethyleneglycol . : 
a-Propyleneglycol : é —) 
( 
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Rhamnose . 
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Glucose 
Mannose 
Galactose 
Levulose 
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Mucic acid . 
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Tapwater with o-1 % KCl, 
1% Mg. Phosphate, to which is 
added o-5 % of the hydro- 
chloride of the undermentioned 
compounds 


Methylamine : P| Rese nna oes | eee 7 G 
Dimethylamine . - (—) 
Trimethylamine . .f— 
Tetramethylamm. 
hydr. = 
Ethylamine . 
Diethylamine 
Triethylamine : 
Tetraethylamm. hydr. . 
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Isopropylamine 
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TABLE 18 (continued) 





8 
% ” s = % 
fapwater with o-r% KCl, 213 S| 8 2 Oe Vase srucar. 

«. Phosphate, to which i is Bi 8 = a = 8 s Ss = 3 3 S 5 = 
ddedo-s% ofthe hydro | 2|ePis|e|/Plsleisi Pi slal Elz § 
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TABLE 18 (continued) 


Stebel with 011% K,HPO,, 
1% glucose, 1% CaCOsg, to which 
is added o-1 % of the under- 

mentioned compounds as hydro- 

chloride or chloride 


Butylamine . 
Isobutylamine 
Di-isobutylamine . 
Tri-isobutylamine 
Amylamine . 
Di-amylamine 
Tri-amylamine 
Hexylamine 
Heptylamine 
Ethanolamine 
Diethanolamine . 
Triethanolamine . 
Choline 
Glucosamine 
Neurine. 
Allylamine . F 
Ethylenediamine . 
Pentamethylenediamine 
Hexamethylene- 
tetramine 
Benzylamine 
a-Phenylethylamine 
w- sp naeechy amine 
Histamine . 
Piperidine . 
Piperazine . 
Pyrrol 
Pyridine 
Hydrazine . 


Tapwater with 0-1% K,HPO,, 
to which is added o:- 5% of the 
undermentioned compounds 


Glycocol 
Sarcosine 
Betainehydrochloride 
Acetylglycocol 
Phenylglycocol 
Phenylglycine-o- 
carbonic acid 
Hippuric acid ‘ 
Phenylaminoacetic acid. 
Taurine 
a-Alanine 
B-Alanine 
Phenylalanine 
Tyrosine 
Benzoylalanine 
Cystine 
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3/2) 8] ¢ ela | |<<) ee 

Tapwater with 0-1% K,HPO,, § 3 = Sis] 8 8 S = 3 3 Pa S 

1% glucose, 1% CaCOs, to which | } >| so S i Mie va en ae |r ES 8 

is added o-z % ot ea £ et lend be Oo ee ee s/s] $ 

mentioned comp g 8 § 0 = Ss —Q Ss S y g : 

a 
Creatine (—} —| +) 4+ (0) +1 + (iC FH) — || 
Creatinine . (() +) + Ae eS i 
Arginine +/+} +] 4+] 4+] 4+} 4+] 4+] 4+]—-l4+] 4+ 
Parabanic acid +)]—| +] 4+] + (+) +] 4+] + (4+), +) + 
Alloxan (+)(9]} +} +) 4+] 4+] + 1(4+)) + (+) + 
Alloxantine . +\(—) +/+) +) +/+) +] —)4+1 + 
Barbituric acid (—)\(—)) + | + (CO]+ + C414) — 104) 1(4+) 
Thiobarbituric acid +} —i(+)) + (C4) + (Ol — lie 
Violuric acid —|—|—|—-\-) +} —-|—-|-l—-Il-l- 
Allantoin + \(—)| +] + ((+)) +] + (+ 1(4+)) + (OS 
Guanine (+)\(—)(+)| + 1C+)/C+)) + (14) — | + CS 
Xanthine +: \(—)) tel Ae ea ie a ee 
Uric acid (+)\(—)\(+)} + 1(+)) +] + (iC 4+)] — (C4) (4) 
Theobromine —|—] +] + |(+)(+)) + 1(4+)\(4+)| — ()|( 
Theophylline —} — \((—)(+)(—) (+) (1+) — 
Gaffemne a he (4) + (eee, + (9 =|) 





[Continued from p. 183] 


growth are formic acid, glycine and ethyl alcohol in the case of 
Bact. typhosum, though the last two can function in the case of 
several organisms studied by den Dooren de Jong. 

A factor contributing to the value of a compound for growth is 
the degree of dilution at which it is operative, which in its turn 
depends on the affinity of the substance for its enzyme. The high 
affinity of glucose in comparison with other carbohydrates is shown 
in Fig. 18,1 whilst Friedlein? has determined the minimum con- 
centration of certain compounds at which growth can occur 
(Table 19). The figures there given indicate degrees of growth 
maintained on the same medium through several generations : 
figures in brackets indicate growth not subcultivatable in the san 
medium. ‘The minimum concentration of ammonium required 


was determined on a synthetic medium with excess (1 °%) sodium 
lactate. 


Specific nutritional requirements 


The use of complex media dates from the days of medical 
bacteriology when pathogenic organisms were isolated with the 


? Fujita & Kodama, Bioch. Z., 271 
2 Friedlein, 1928. » 186, 1934. 
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Growth on varying concentrations of 
sodium lactate 





Organism 
0001 % oor % | o1% 10% 
B. paratyphosus B ; ° (1) 3 4 
‘| B.coh . ‘ ° ° (1) 4 4 


Growth on varying concentrations of glucose 
ote re 





Organism 






0700016 % 00016 % | 0-016 % | o16% 
ee a ee a 
B. paratyphosusB . F ° (1) 3-2 3 
B.colii . ‘ ‘ ‘ ° ° 2 3 
B. pyocyaneus . : ; ° 





Growth on varying concentrations of 
sodium succinate 
















na 000144 % 00144 % 0°144% 144% 
B. paratyphosus B ° (1)-(2) 3-4 4 











Growth on varying concentrations of 
ammonium chloride 


Organism 
. 00001 % 0001 % oor % | o1r% 












; —— 
| iB. typhosus B (2)* (2)* 3 | 4 
*! B. aah (1)* (1)* a. es. 

















° Growth which | is not subcultivatable in the same » medium i is obtained i in the 
absence of any armmonium chloride. 
1 Friedlein, 1928. 
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object of establishing their relationship to disease. The prime 
object was to cultivate the organism, keep it in cultivation and 
maintain its pathogenicity, its actual growth requirements being a 
matter of little concern. It fairly early, however, became apparent 
that many saprophytes and some pathogens could be cultivated 
on simple synthetic media with nitrogen supplied as ammonium 
salts and carbon as sugars, alcohols or organic acids. The first 
serious attack on the problem of bacterial growth requirements 
was made by Fildes,1 who put forward the hypothesis—now a 
well-established theory—that parasitism is caused by loss of en- 
zymes necessary to synthesise cell material. ‘Thus the first stage 
in parasitism occurs when an organism uses as a food material a 
compound which occurs naturally only as the result of the activity 
of some other living system; the change of autotrophant to 
heterotrophant corresponds to such a step. A second stage is 
reached when the cell is no longer able to live on simple synthetic 
media as defined above, but requires as well at least one other 
compound supplied by the activity of another organism for use as 
a structural unit or for metabolic processes. £. coli (most strains) 
exemplifies stage 1 and Proteus vulgaris—which can develop on 
simple synthetic media plus nicotinic acid—is the classical case 
of stage 2. From this point there can be constructed a series of 
organisms with steadily increasing nutritional requirements—or 
“ exactingness ”»—which may include any or all of the B group 
of vitamins, many amino-acids and some purines and pyrimi- 
dines. ‘The view that nutritional exactingness is correlated with 
enzymic deficiency now admits of no doubt ; this seems to occur 
by the continued growth of an organism in surroundings where 
nutritional units occur in great quantity ; if in such surroundings 
a mutant arises which has lost an enzyme necessary for the pro- 
duction of an essential compound, it is then able to supply its 
need from its surroundings and survive. What causes such a 
mutant to outgrow the parent strain is not clear. Thus many 
organisms unable to synthesise riboflavin occur in milk, those 
requiring hzematin in blood and tissues, and so on. 

Study of the vitamin requirements of bacteria has disclosed 
many facts of great biological and biochemical importance. Every 
member of the B or water-soluble group of vitamins has now been 
found necessary for some nutritionally exacting organism or 
other ; several were first discovered as growth factors for bacteria, 
their importance in animal and plant nutrition becoming apparent 
later. Furthermore, in every case where an organism dispenses 
with any member of the B group in its food supply it can be shown 
to synthesise it, heated extracts of such organisms supplying the 

1 Fildes, 1934. 
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specific nutritional requirements of exacting strains. This, as has 
been emphasised by Knight, shows an underlying unity of meta- 
bolic needs throughout the animal and microbic world, extending 
in many instances to the plant kingdom also. It has also led to the 
use of micro-organisms in the study of the function of vitamins in 
metabolism. ‘This was first demonstrated by Lwoff and Lwoff, 
using a method which has now become general. ‘The exacting 
organism (in this instance H. parainfluenze) was grown in a sub- 
optimal concentration of the growth factor (coenzyme I) and the 
activity of its enzyme systems in washed suspension compared 
with that of the same organism grown in optimal amounts of the 
same growth factor. In this case the suspensions of the deficient 
organism were found to be suboptimal in respect of dehydro- 
genases for glucose, hexosemonophosphate, pyruvate, fumarate, 
_ ethanol, asparagine and d- and /-valine, but gave increased response 
approaching normal for all these substrates when incubated for 
_ashort period with coenzyme I.1_ The applications of this method 
are manifold and special examples will be considered later. 

In addition to cases in which an organism is totally unable to 
synthesise a growth factor, cases are known when it cannot do so 
at the optimal rate, so that growth rate is limited by the rate of 
synthesis of the vitamin and can be increased by its supply in the 
medium. In many cases where organisms synthesise their own 
growth factors they do so at a rate in excess of their needs and the 
excess passes out and can be used by deficient organisms. Cases 
of symbiosis are attributable to this cause. 

This excessive rate of synthesis of B vitamins is responsible for 
the phenomenon of refection in animals kept on a synthetic diet. 
Here growth which has ceased owing to dietary deficiency of some 
water-soluble factor is found to be spontaneously resumed due to 
the contribution of the gut flora to the vitamin supply. Many 
insects also are unable to supply their own B vitamins when raised 
in sterile conditions on a synthetic diet but can be reared success- 
fully on the same diet if allowed to develop a normal bacterial flora. 

The study of the specific nutritional requirements of micro- 
organisms sheds light on the chemical stages by which they are 
synthesised in the cell. In general a slight change in chemical 
configuration renders the compound useless to the cell ; in cases 
where a change is tolerated the growth induced is usually slower. 
On the other hand some part of the molecule, e.g. aneurin in place 
of aneurinphosphate, may serve the purpose of the cell, indicating 
that the loss of synthetic powers in respect of the compound is 
not complete ; such instances will be dealt with under the more 
detailed consideration of different factors. 

1 Lwoft & Lwoff, 1937. 


196 GROWTH AND NUTRITION 


Yet another phenomenon to be considered is the regaining of 
lost synthetic powers. This can occasionally be achieved by the 
subcultivation of large amounts of the organism in decreasing 
concentrations of the necessary compound. Several examples of 
this are known, though the mechanism of the process is at present 
uncertain. Perhaps the enzyme in question is not completely 
absent throughout the entire population but is present in such 
small amount that the culture generally dies out before enough 
molecules are synthesised to serve the needs of the cell. The 
technique employed would serve to foster those members of the 
population able to synthesise the factor rather more rapidly until 
a stage was re.ched when a cell population was formed able to 
synthesise the compound at a rate compatible with survival. 

Some growth factors will now be considered in detail, 


Nicotinic acid and amide 


/~ COOH \—CONH, 


y 


nicotinic acid nicotinamide 


Nicotinic acid is one of the commonest growth factors needed 
by bacteria ; in other words, the ability to synthesise it is one 
most frequently lost. ‘This may be due to its very wide distribu- 
tion in soil and natural media. It forms the sole factor required by 
Proteus vulgaris and one recorded strain of coli and enters into the 
requirements of a large number of highly exacting organisms. Its 
absence in animal nutrition causes blacktongue in the dog and 
pellagra in the pig and in man ; it is also necessary for the growth 
of isolated roots in plants and for some yeasts. 

One function of nicotinic acid is to supply the nicotinamide 
fraction of coenzymes I and II; hence all organisms requiring 
nicotinic acid can replace it by nicotinamide, but the converse is 
not true. 

The specificity of nicotinic acid and amide in the growth of 
bacteria is fairly strict. Generally speaking, substitution in the 
side chain is tolerated, methyl ethy] and propyl esters and nicotinyl 
glycine all giving some activity with the organisms tested, but the 
introduction of new substituents in the ring, e.g. the change of the 
—COORH to the 2- or 4-position, renders the molecule inactive. ! 

In general the function of nicotinic acid and amide seems to be 


1 Knight, 1945. 
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to provide prefabricated units for the synthesis of coenzymes I 
and II, which will now be considered. 


Adenine pyridine di- and trinucleotides (coenzymes I and II) 


The structure of these compounds is given on p. 18, and their 
relation to nicotinic acid and amide is obvious. Coenzyme I is a 
constant component of bacteria, boiled washed suspensions of all 
organisms so far tried restoring the activity of any enzyme system 
deficient in, but requiring, cozymase. 

The Haemophilus group of bacteria has long been known to have 
special growth requirements. It was early shown by Pfeiffer? that 
the organism then known as B. influenza, isolated from the sputum 
of influenza patients, does not grow on broth unless sterile blood 
is added. Later it was shown that when cultivated on blood agar 
plates much larger colonies are formed in the neighbourhood of 
colonies of other organisms,” and subsequently that these so-called 
satellite ”’ colonies occur also round sterile slices of animal or 


_ vegetable tissue introduced into the agar.* This led to the recog- 


nition of two factors, both present in blood, necessary to the 
growth of this organism in broth :4.> the X factor, which is heat- 
stable and will be dealt with later, and the V factor, which is heat- 
labile in alkaline but not in acid solutions. 

The V factor was studied by Lwoff and Lwoff* and shown to be 
identical with coenzyme I prepared from yeast. As mentioned 


earlier, these workers introduced a method, since of wide applica- 
tion, for using micro-organisms to determine the biochemical 
action of growth factors. H. parainfluenze was grown in about 


: 


one-sixth of the amount of coenzyme I needed for optimal growth ; 
the resulting crop was known as V — cells, and organisms grown 
in excess of coenzyme I as V+ cells. It was found that washed 
suspensions of V— cells oxidised those compounds whose oxida- 
tion depends on coenzyme I only at a very slow or negligible rate ; 
when the cells were incubated with coenzyme I the rate of oxida- 
tion was increased to that of V+ cells. Evidence was obtained of 


the mutual interconversion within the cells of coenzymes I and II. 


; 


’ 


; 


Various derivatives and components of coenzyme I have been 
tested as growth factors, two strains of H. parainfluenze and four 
strains of H. influenze giving identical results. ‘The compounds 
tested were coenzyme I and its reduction product dihydro- 
coenzyme I; these gave identical results, which is consistent with 
their rapid changeover in the cell. Desaminocoenzyme (formed 
by replacement of —NH, by —OH in position 6 of adenine) was 


1 Pfeiffer, 1893. 2 Ghon & Preyss, 1902, 1904. : Davis, 1917. 
4 Thjotta & Avery, 1921 (1), (2). 5 Fildes, 1921. 
6 Lwoft & Lwoff, 1937 (1), (2). 
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nearly as efficient as coenzyme, whilst nicotinamideriboside and 
coenzyme II both supported a slower growth. ‘These organisms 
are evidently able to dispense with the adenine portion of the 
molecule altogether provided that the nicotinamicie-ribose link is 
made, growth in this case being slower. The poor response ob- 
tained by coenzyme II suggests that this compound is broken 
down and rebuilt before use. Nicotinamide cannot be used by 
this group. 

The biosynthesis of coenzyme I therefore occurs in at least four 
demonstrable steps: 


I 2 


. . . « . . . 3 . . . . 
x —> nicotinic acid —> nicotinamide — nicotinamide nucleoside > 
coenzyme I. 
P. vulgaris fails at 1, but effects 2, 3 and 4. Pasteurella strains 
fail at 1 and 2, but effect 3 and 4. The Hemophilus group fails 
at 1, 2 and 3 but effects 4. 
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There is, however, evidence indicating that the formation of 
coenzyme I may not be the only function of nicotinamide in the 
cell. It has been found that with Shigella paradysenteriea the 
effectiveness as growth factors is in the following order : nicotinic 
amide, nicotinic acid, coenzyme I, coenzyme II ; after hydrolysis 
the last two become as effective as nicotinamide. 

When grown on suboptimal concentrations of nicotinamide the 
deficient cells display low respiratory activity on glucose ; this is 
raised by the addition of the four compounds under discussion, 
their effectiveness for this purpose being in the same order as for 
growth. As these differences are extremely marked they suggest 
a function of nicotinamide in respiration apart from the formation 
of coenzyme I. 


Hematin as growth factor 

It has been mentioned (p. 197) that the Haemophilus group re- 
quires a heat-stable X factor usually supplied by sterile blood. It 
can also be supplied by hemoglobin 1/10° and by hematin, but 
not by iron-free pyrrol compounds. Conflicting evidence has 
correlated it with the presence of peroxidase and catalase* * ; the 
fact that these enzymes are both hematin compounds probably 
explains this. 

There has been a strong tendency to associate the X factor with 
respiration. H. influenz@e and organisms requiring X were usually 
regarded as strict aerobes, but it was later shown that a number of 
strains can be grown anaerobically through successive generations 
and that in these conditions X can be dispensed with. °° Sub- 
stances supplying the X factor in general give a peroxidase reaction 
with benzidine, as do most bacteria ; this is probably due to their 
hematin content. Organisms requiring the X factor do not give 
this reaction, nor do the Clostridia.’. It appears then that X sup- 
plies some hamatin compound (or its precursor) necessary for 
aerobic oxidations, but its exact nature and function in the cell 
are still uncertain. 


Pantothenic acid 
HOCH,.C(CH,),. CHOH.CONH. CH,.CH,. COOH 
ay-dihydroxy-BA-dimethy] butyryl-8-alanide 
(Pantoyl-8-alanide) 

Pantothenic acid functions as a growth factor for animals where 
its deficiency leads to cessation of growth and greying of hair (rats) 
and a specific dermatitis in chicks. An unknown factor was first 

1 Saunders et al., 1941. 2 Fildes, 1921. 3 Olsen, 1920, 1921. 
* Kopp ,1927. 6 Baudisch, 1932. © Anderson, 1931. 
7 Callow, 1926. 
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noted in the growth requirements of a strain of yeast by Williams 
and his colleagues! in 1933, and its chemical structure worked out 
in 1939? and identified with the chick antidermatitis factor.® The 
importance of pantothenic acid in microbial and animal physiology 
was thus discovered almost simultaneously. 

Pantothenic acid is an essential growth factor for a large number 
of bacterial species ; some of these can replace it by #-alanine, 
fewer by pantoic acid® (or lactone). ‘The synthetic powers of 
organisms with respect to pantothenic acid and its two hydrolytic 
products are most apparent among the group of C. diphtheria. 
Most strains grow on a complicated synthetic medium containing 
salts, lactate and 20 amino-acids, with pimelic and nicotinic acids 
and @-alanine as growth factors. Certain gravis strains, however, 
fail on this medium but grow when pantothenic acid is added, ® 
though when the two portions of the molecule are added as the 
hydrolytic products of pantothenic acid the organism is unable to 
effect the synthesis. The specificity of both parts of the panto- 
thenic molecule is extremely strict, the only substitute tried giving 
more than a fraction of 1% of the activity of the natural vitamin 
being hydroxypantothenic acid 


CH,OH 


| 
HOCH,.C.CHOH . CO— 
Cos 


which shows an activity varying between 1% and 25% of that of 
pantothenic acid with S. cerevisie and some lactic bacteria.? 


Aneurin (thiamin) vitamin B, and co-carboxylase 


CH OH OH 
N==C—NH, ie ae ed 
CG==C— CH,-CH--0—P—P—OH 
CHy-C2 6°—CHz—NGs | ad ead: 
34 f VSs | 
N—c Chyesl 
H 
Z _Pyrimidine Pe qT hi azole A eae eel : Pyrophosphate 


Aneurin or Thiamin } 


ee a a en ee mew ew ee eee ee eee eee 
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-<-= -<—=— --— - 


_ Thiamin is an essential growth factor for a number of bacteria, 
including Staph. aureus, some propionic bacteria and S$. salj- 
varius ; it is added to the growth media of many lactic organisms 


1 Williams et al., 1933 2 Ibid., 1 3 i 
“ a -» 1939. Jukes, 1939. 4 Knight 
5 Wooley, 1939. 6 Evans et al., 1939. ? Mitchell By a ion 
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which appear not to synthesise it sufficiently rapidly for optimum 
growth. 

The specificity of thiamin has been tested for in the growth of 
Staph. aureus..? This organism can use an equimolecular mix- 
ture of pyrimidine and thiazole as readily as thiamine itself. In 
this case the CH, at 2 and the NH, at 6 of pyrimidine are essential, 
and various substituents at 5 are tolerated, e.g. —CH,. NH, and 
—CH,OH but not —CH,, indicating that the pyrimidine and 
thiazole portions are united before use. 

In the thiazole ring substitution of the $-hydroxyethyl group 
at 5 by a y-hydroxypropyl or a $-hydroxypropyl results in de- 
creased activity. Substitution of methyl for H in position 2 results 
in lowered activity (35%), whilst —-NH, in the same position 
gives complete inactivity. For further details on the substitutions 
in these compounds the original papers and Knight’s monograph 
should be consulted. 

It is certain that the principal function of aneurin is for the 
synthesis of cocarboxylase. This coenzyme participates in some 
_ essential reactions given below and its absence has a corresponding 
_ effect on metabolism. 


CH,.CO. COOH > CH,.CHO + CO, (Yeast) 
CO, + CH,. CO. COOH + COOH. CH,. CO. COOH 


Riboflavin (vitamin B,) CH,OH 3 
ted cy 
‘yas © 3 
soot 8 
ae 
8 x iN - 
cH; r° 
CH ks 
s ™y ‘co 


Riboflavin is an essential growth factor for many bacteria, in- 
cluding hemolytic streptococci, Str. fecalis, and for some lactic 
and propionic bacteria.* Its importance in the bacterial nutrition 
was first shown by Orla-Jensen and his co-workers* for some 
lactic organisms by treating milk with an absorbent charcoal and 
showing that the treated milk required the addition (among other 
things) of riboflavin for satisfactory growth. 4 

Later workers,® destroying riboflavin by illumination at pH ro, 


1 Knight, 1937- 2 Knight & MclIlwain, 1938. 
ad Wood et + Le 4 Orla-Jensen et al., 1936. © Snell & Strong, 1939. 
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showed that out of eleven strains of lactic organisms examined 
seven dispensed with riboflavin and four (L. delbriickiu, L. gangort, 
B. lactis acidi and L. casei) required it ; of the eleven not requiring 
it four were found on examination to synthesise it, and this is 
probably true for the rest. Many organisms for which riboflavin 
is not essential grow more rapidly in its presence. 

The specificity of riboflavin as a bacterial growth factor is fairly 
strict. Some interference with the side chain in positions 6 and 7 
is tolerated but results in decreased activity ; removal of the 
ribityl group giving lumiflavin or its replacement by d- or /-ara- 
bityl results in complete loss of activity. This is shown in Fig. 20.1 


Riboflavin | 
Compound IV 


Compound Ill 


Compound Il 





Growth of L. casei in 0-1 N acid produced 


#9. Flavin/10 ml. medium 


Fic. 20,—Availability of various d-riboflavins for growth of L. casei? 
I. 6, 7-Dimethyl-9-(d-1'-ribityl) isoalloxazine (Riboflavin 
II. 6-Methyl-9-(d-1'-ribityl) isoalloxazine 
III. 7-Methyl-9-(d-1’-ribityl) isoalloxazine 
IV. 6-Ethyl-7-Methyl-9-(d-1'-ribityl) isoalloxazine 
V. 6, 7-Dimethyl-9-(d-1'-arabityl) isoalloxazine 
Au 6, Ra Uae yreaenct isoalloxazine 
- 6, 7, 9-Trimethyl-9-(/-1'-arabityl) isoalloxazi Lumi i 
VIII. 6, 7-Dimethy] alloxazine (Lumichrome) SS ae 


V, VI, VII and VIII inactive. 


Riboflavin forms part of the prosthetic group of a number of 
enzymes already known and probably of others still undiscovered 
(see Chapter I), and it is certainly to this circumstance that its 
importance as a metabolite is due. Many organisms not requiring 
it have been shown to synthesise it, but whether it is an essential 
constituent of all bacterial cells is not known. 


1 Snell & Strong, 1939. * Ibid., Enzymol., 6, 190 (1939). 
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Biotin 
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Biotin is a vitamin which was first detected by studies in yeast 
nutrition. During investigations into the nature of “ bios ”’ East- 
cott? first separated malt wort into a baryta-soluble and a baryta- 
insoluble fraction ; the latter was again divided into two fractions 
by adsorption on charcoal. The adsorbed fraction contained a 
growth factor which was eventually isolated from egg yolk by 
K6gl and Tohnis,? who used the growth rate of a deficient strain 
of yeast as the biological test by which to follow the activity of the 
fractions. From 250 kg. of dried egg yolk they eventually isolated 
I°I mg. (corresponding to a yield of 1:8%) of a crystalline sub- 
stance, which they called “ biotin,” containing nitrogen and sul- 
phur ; this was actually biotin methyl ester. They showed that 
this substance is fully active at 0-000025 ug./ml., the lowest con- 
centration then recorded at which a substance is physiologically 
active. Biotin was soon found to be active in bacterial nutrition 
and was also identified with coenzyme R, the then unidentified 
growth factor for Rhizobia.*4 Identification of biotin with an 
unknown factor in animal nutrition adsorbed on to egg white and 
hence known as the “‘ egg-white factor ” followed. ‘The chemical 
structure of biotin was established in 1942.° ° 

The extremely low concentration in which biotin functions 
biologically renders it difficult to devise synthetic media which are 

inactive in respect of it, glucose and sucrose, unless very specially 
‘purified, being liable to contain it. 
. Many organisms are now known for which biotin (or its methyl 
_ester) is a necessity and others for which it acts as a growth stimu- 
ant. Organisms able to grow without biotin have been shown to 
synthesise it. 


1 Kastcott, 1928. 2 Kégl & Téhnis, 1936.  * Allison & Hoover, 1934. 
4 West & Wilson, 1939. 5 du Vigneaud et al., 1942. 


* Hofmann, 1943. 
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Some interesting facts about the biological synthesis of biotin 
have been discovered by the joint efforts of organic and bio- 
chemists. 

It was shown in 1937 by Mueller? that certain strains of C. diph- 
therie require a growth factor contained in Liebig’s extract and in 
many tissue extracts, especially liver. It was finally isolated from 
cow urine, 455 1. yielding a butanol extract from which was 
-obtained 120 g. of methyl esters from which 0-6 g. of pure pimelic 
acid was finally prepared (COOH(CH,);COOH). Actually this 
growth factor was only required by two strains of C. diphtheria, 
Allen and Park 8, and was replaceable by no other dicarboxylic 
acid of the series. When the structure of biotin became known, 
it was suggested that pimelic acid might be part of the structure 
of that compound, and it was shown that biotin could be substi- 
tuted for pimelic acid in the nutrition of C. diphtherie (Allen) and 
was functional at lower concentrations. It appears that when this 
strain is supplied with pimelic acid it can synthesise biotin. 

It has already been mentioned that biotin is adsorbed on to egg 
white ; the compound responsible for this effect is a protein, 
avidin, which can be used to render culture media biotin-free. 
Thus C. diphtheria (Allen) when using biotin as a nutrient is 
inhibited by avidin, but not when using pimelic acid. In the 
course of chemical work on biotin it was transformed by hydro- 
genolysis to desthiobiotin. This compound can replace biotin in 
the nutrition of some organisms ; thus it is functional for many 
strains of S. cerevisia, N. crassa and Leuconostoc mesenteroides, but 
not for Rhizobium trifolii nor for L. caset. In those cases where it 
replaces biotin it does so at the same concentration, and at low 
concentrations the effect of the two compounds is additive. The 
evidence leaves little doubt that desthiobiotin is a stage in the 
normal biosynthesis of biotin. When the urea ring is ruptured 
the resulting diaminocarboxylic acid has only 10% of the activity 
of biotin ; it is doubtful, therefore, whether this compound is an 
intermediate in the biosynthesis of biotin.® 

Thus a nutritional demand for biotin may be due to inability to 
synthesise pimelic acid, or desthiobiotin, or both; the first is 
exemplified by C. diphtheria (Allen), the second by S. cerevisia 
and Rh. trifolit, the third by L. casei. 

Desthiobiotin inhibits growth of those organisms which cannot 
substitute it for biotin.*;° This effect is abolished by increasing 
the concentration of biotin ; 0-4 yg. biotin neutralises the effect of 
2500 wg. of desthiobiotin whilst 2000 ug. of desthiobiotin is re- 


1 Mueller, 1937 (1), (2) 2 du Vi 

ler, » (2). gneaud et al., 1942. 
3 Melville et al., 1943. 4 Ditt t ; 
® Lilly & Leonian, 1944. Masai os tac 
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quired to antagonise 0-025 ug. biotin. The action of the former 
is therefore probably due to competition with those enzymes con- 
cerned in the utilisation of biotin. Such effects are frequent in the 
metabolism of exacting strains and this one is comparable with the 
inhibition of the metabolism of tryptophan by indoleacrylic acid. 
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Fic, 21 
Function of biotin 
_ The function of biotin in the cell has been studied with a strain 
of yeast (S. cerevisiae Fleischmann 139) by the method of Lwoff, 
with important results which could hardly have been achieved 
except by the use of micro-organisms.’ 
Avitaminosis (biotin) in rats and chicks leads to severe skin 
lesions, emaciation and death ; biotin deficiency in animals, in- 
“eluding man, can be achieved only by the adsorption of the vitamin 
from the gut by egg white or avidin.* In all animals so far tested 
skin symptoms are the first to appear, followed by acute malnutri- 
tion, none of which discloses the mode of action of the vitamin. 
“Light on this has, however, been thrown by the use of a biotin- 
deficient yeast (S. cerevisie Fleischmann 139) which requires bio- 
tin supplied in the medium.* This organism attains normal 
‘growth with a biotin concentration of 3 x 107” ug./ml.; at a 
biotin level of 3 x 10~® one-fifth maximal growth is obtained, 
giving biotin-deficient cells. An intermediate effect is obtained 
at a biotin level of 3 x 10~-° yg./ml. Yeast grown at these levels 


1 Fildes, 1945. 2 Winzler et al., 1944. 
® Eakin et al., 1941. 4 Winzler et al., 1944. 
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is referred to below as normal, deficient and intermediate respec: 
tively. When the metabolism of these three types of cell is exam: 
ined it is found that deficient yeast has a respiration and fermenta: 
tion rate of one-twentieth to one-tenth that of the normal yeast 
these rates remain constant for many hours (see Fig. 22). I 


N, Biotin 
+ 
ae co, NH, 
100 
N, Biotin 
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CO, Aspartic aci 


O, ~=—Biotin 
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75 CO, NH, 
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Fic. 22.—The effect of biotin, ammonia and aspartic acid on the respiration an: 
fermentation of biotin-deficient yeast! 


1 Winzler et al., Arch. Biochem., 5, 31 (1944). 
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biotin and ammonia are added an immediate increase in rate of 
both respiration and aerobic and anaerobic glycolysis occurs (see 
Fig. 22); biotin in the absence of ammonia and ammonia in the 
absence of biotin have no effect. If, however, ammonia is added 
from the start and biotin after 2 hours the curve is the same as if 
both are added together at the beginning, but when biotin is added 
from the start and ammonia after 2 hours the biotin effect is estab- 
lished more rapidly. This indicates that the presence of biotin in 
the cell preconditions it to the use of ammonia. Normal yeast 
shows no biotin effect when biotin and ammonia are added ; and 
the same yeast when deficient in $-alanine or pantothenic acid— 
the only other vitamins to which it responds—shows no increase 
of fermentation rate on the addition of ammonia and either of 
these vitamins. Intermediate yeast gives a biotin effect between 
that of normal and deficient yeast. Sodium azide has no effect on 
anaerobic fermentation but inhibits carbohydrate synthesis ; in 
concentrations of M x 10-4 and upwards it abolishes the biotin 
effect ; at M x 1075 the biotin effect is halved. Normal yeasts, 
able to synthesise biotin, give no biotin effect. 

The biotin content of the cells growing in excess of and deficient 
in biotin was determined. The former contained 13-9 ug., the 
latter 0-017 wg. per g. yeast (dry weight), i.e. they differed by a 
factor of 800; the biotin content of normal and deficient yeasts 
was computed at 10° to 10% mols. per cell respectively. 

Deficient yeast shaken with biotin and ammonia takes up its 
full quota of both in 2 hours; biotin is also taken up in the 
ibsence of ammonia but not in the absence of glucose. Ammonia 
uptake requires the presence of both biotin and glucose. ‘The 
slucose probably supplies the necessary energy for the transfer of 
immonia across the membrane whilst the assimilation of ammonia 
s also conditioned by biotin. These illuminating studies relating 
siotin activity to nitrogen metabolism probably mark an important 
nilestone in the advance of knowledge of anabolic nitrogen meta- 
olism. 


5-Aminobenzoic acid COOH 
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The discovery of p-aminobenzoic acid as a growth factor is 0} 
interest for two reasons: its importance in bacterial nutritior 
was recognised before it was known to be of importance to the 
animal, and its existence as a growth factor for micro-organism: 
was predicted before it was observed. 

In an endeavour to find a “ rational approach to chemotherapy,’ 
Fildes! put forward the view that chemotherapeutic agents maj 
act either by combining with an essential metabolite or competin 
with it for a place on the surface of the enzyme which activates it 
In the latter case it is necessary that the molecular structure of the 
poison should resemble that of the metabolite. Following thi 
idea Woods? suggested the possibility that sulphanilamide migh 
owe its chemotherapeutic action to competition with a molecul 
of similar structure and suggested p-aminobenzoic acid as a possi 
bility. He was able to demonstrate that the inhibitory action o 
sulphanilamide on the growth of Str. hemolyticus was antagonise¢ 
by p-aminobenzoic acid in concentrations of 1/5000 to 1/25,00 
that of the sulphanilamide ; related substances were active onl 
in higher concentrations (see Table 20), with the exception o 
novocaine, whose activity approached that of p-aminobenzoic acid 


TABLE 20° 


ANTI-SULPHANILAMIDE ACTIVITY OF SUBSTANCES RELATED TO 
p-AMINOBENZOIC ACID 


Conc. of sulphanilamide = 3:03 x 10-4M. 





Substance Active at M conc. 
p-Aminobenozic acid . ‘ i 3 1'2-5°8 X 1078 
o-Aminobenzoic acid . : - = — 
m-Aminobenzoic acid . : : ; o-9 X 1073 
p-Nitrobenzoic acid. ; : ; 1°8 x 1074 
Ethyl-p-aminobenzoate (benzocaine) : 3°64 100° 
Novocaine . : : ; 5°8 x 10 8 


p-Hydroxybenzoic acid 
p-Toluic acid ; 
Benzoic acid 


Benzamide : : : — 
p-Aminobenzamide . é : I°4.X 105° 
2-(p-aminobenzylamino) pyridine . : o'9 X 10-3 
p-Aminophenol . : : : + 
Sulphanilic acid . — 


— indicates substance inactive at 10-°M., 
+ inhibits growth down to 3:6 x 107-5M. 
* inhibits growth at 103M. 
Cell extracts having an effect similar to p-aminobenzoic acic 
were obtained from yeast,‘ streptococci® and Br. abortus,’ an 
p-aminobenzoic acid was finally isolated from yeast by Blanchard. 


1 Fildes, 1940. 2 Woods, 1940. 8 Ibid. 4 Ibi F 
® Green, 1940. ? Blanchard, 1941. 7 api Stamp, 1939. 
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The reciprocal action of sulphanilamide and p-aminobenzoic acid 
suggested the importance of the latter in bacterial metabolism and 
caused Woods to predict that it would at some time appear as a 
bacterial growth factor. This was verified in the same year when 
it was found to be necessary to the growth of Cl. acetobutylicum ;+ 
since when it has been shown to be a necessary growth constituent 
for several bacterial species? as well as for an artificial mutant of 
Neurospora.* 

The discovery of the antagonistic action of sulphanilic acid 
towards a growth factor with a configuration differing only in the 
replacement of a carboxyl by a sulphonic group suggested that 
active drugs might be synthesised by an extension of the same 
principle. This idea has been exploited by MclIlwain,* * ®° who 
has prepared analogues of nicotinamide, pantothenic acid and some 
amino-acids by replacing —COOH of the growth factor or amino- 

acid by —SO,H. Fig. 23 shows examples of such analogues. 


| METABOLITES ANALOGUES FOUND 
INHIBITORY 
NH, NH, 
I. (MopeEL) 
OOH SO,NH, 
p-aminobenzoic acid Sulphanilamide 
dl ae Ces (Nerte Oreos 
N N N N 
Nicotinic acid and amide Pyridine-3-sulphonic acid and amide 
R.CH—COOH R.CH—SO,;H 
3- H, ’ NH, ‘ : 
a-aminocarboxylic acids a-aminosulphonic acids 
CH, H CH, H 
_ al ee | 
4 CH,.C. .CONH.CH,.CH,.-COOH CH,.C.C.CONH.CH,CH;-SO3H’ 
ee 
CH,OH OH CH,OH OH © 
Taurine analogue 


Pantothenic acid 


tural analogy with metabolites to the synthesis 


Fic. 23.—Applications of struc 
: a of inhibitors’,® 


‘These exert an inhibitive action on the growth of those organisms 
“exacting towards the growth factor or amino-acid structurally 


1 Rubbo & Gillespie, 1940. 7? Knight, 1945. * Tatum & Beadle, 1942. 
$ MclIlwain, 1942 (1), (2). 5 [bid., 1943 (1). 6 Ibid., 1943 (2). 
7 Ibid., 1943 (1), (2). ® Snell, 1941. 


P 
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related. Organisms able to synthesise the growth factor can be- 
come resistant to the drug by stepping up the synthesis of the 
factor it antagonises ; exacting organisms are unable to do this. 
Further discussion of this subject belongs properly to chemo- 
therapy, a field outside the scope of this book. 

It may not be irrelevant to mention here that J-methionine also 
antagonises sulphanilamide as well as other sulphanily] drugs.? The 
mechanism of this inhibition is discussed in the references given.* * 

In addition to its isolation from yeast, p-aminobenzoic acid has 
been shown to be present in a number of bacterial species which 
do not require it supplied in the medium,‘ and it is now known 
to play a part in the nutrition of the chick,® rat® and man.’ It is 
a constituent part of the molecule of folic acid. 


Choline 
CH,OH . CH,N(CH;),0H 


Choline has been shown to be a necessary growth factor for the 
pneumococcus (types I, II, V and VIII).* In the case of type III 
a number of related compounds could be substituted without loss 
of activity and a number of others gave a very high response.® 
According to Badger!® the most probable function of choline is in 
the synthesis of the phospholipids, e.g. lecithin, of which it forms 
part of the molecule. The role in transmethylation which it plays 
in animal tissues seems to be excluded by the activity of triethyl- 
choline and diethylethanolamine and the inactivity of such methyl- 
ating compounds as methionine, betaine and phosphoryl choline. 

A mutant strain of Neurospora, however, shows different re- 
quirements ; here lecithin could be substituted for choline and 
50% of the choline available was used in three days. Here, how- 
ever, methionine showed some activity—1/500 that of choline. 

Substituted choline derivatives show much greater activity than 
is usually the case with growth factors,'! several alkyl substitutions 
on the N atom giving full activity. Ethanolamine gave 80% of the 
activity of choline, which suggests that the function of choline is 
in the synthesis of phospholipids. The function of choline is fully 
discussed in the original paper!” and by Knight.1% 


Oleic acid 
CH; . (CH,),. CH 


| 
HOOC(CH,), . CH 


Oleic acid is an essential nutrient for certain strains of C. diph- 


Harris & Kohn, 1941. 2 Kohn & Harris, 1942 3 Kni 

: oy et al., 1943 (1). a * Ansbacher, 1941. 942. a pe 1945. 
leve, 1941. ane ubbarow, 1938. 9 Bad "10 Th: 

WY Thi 12 Ibid. f Tenant tpg 1944. Ibid. 
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therie, the optimum concentration being 0-05 mg./ml., also for 
Erysipelothrix rhusiopathie and Cl. tetani. It has been shown that 
oleic acid (as well as linoleic and linolenic acids) exerts a temporary 
inhibition on L. helveticus and some other gram-positive organ- 
isms, lasting 24-48 hours at a concentration of 1-6 mg./ml.; the 
trans-isomer is without effect. This inhibition is reversed by leci- 
thin, cholesterol, calciferol and «-tocopherol and its acetate. 
Gram-negative organisms tried did not show this inhibition. 


Folic acid (the L. casei factor of liver) 


N N 
a 7 ie He 
HOOO—CHy-CH-CH-NK-C-—K__ NHC 
N 
OH 


N (4{ (2-amino-4-hydroxy-6-pteridyl) methyl} amino| benzoyl] ] glutamic acid 


A growth factor found originally in spinach and later in liver is 
one of the many factors necessary for the growth of L. casei and 
some other lactic organisms. With five strains of Str. lactis and 
three lactic bacilli, thymine and its nucleoside thymidine replace 
folic acid, but the effective ratio of thymine/folic acid is 5000, 
3-4 ug. thymine being required for the synthesis of 1 mg. cells. 
This suggests that folic acid is the prosthetic group of an enzyme 
_ concerned in the synthesis of thymine.? 


Amino-acid requirements 


Among synthetic disabilities acquired by many bacteria is that 
_ for the synthesis of amino-acids. As in the case of growth factors 
this may vary in number from one to ten or more, and is more 
commonly met with among gram-positive than among gram- 
negative organisms. It is also true that species with high vitamin 
requirements generally also are those most exacting towards 
amino-acids. ‘Table 21 summarises the amino-acid requirements 


of six exacting organisms. 


1 Kodicek & Worden, 1944, 1946. 
2 Stokes, 1944. 
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TABLE 21 





Leuco- 
L. arabi- S. zymo- nostoc Cl. sporo- 


: A . $5 ; A 
Amino-acid, etc. L. caset* nosus*® S. lactis® genes goss genes 


— | | 


Glycine 
Alanine 

Valine 

Leucine . 
iso-Leucine 
Serine 
Threonine 
Methionine 
Tyrosine . 
Glutamic acid . 
Arginine . 
Lysine 
Histidine . 
Tryptophan 
Phenylalanine . 
Aspartic acid 
Cystine 

Proline 
Glutamine 
Asparagine 


| 
| | 


~—_-~ 
— 
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_—e~ 
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a) 
~~ 

Nh Bed BO 


I indicates that the amino-acid is indispensable. 


(1) indicates that the amino-acid improves growth. 


Pyrimidines and purines 


Compounds which have been most recently shown to be re- 
quired by exacting organisms are pyrimidines and purines. 

Uracil was shown by Richardson’ to be necessary for Staph. 
aureus, but only in anaerobic conditions when the organism be- 
came exacting also to pyruvic acid in a medium already containing 
glucose. Aerobically the organism was found to synthesise uracil. 
The demand for uracil is highly specific, a large number of related 
compounds having been proved useless. Uracil is also a necessary 
growth factor for an exacting dysentery organism, Shigella para- 
dysenterie (Flexner).§ 

Adenine, guanine, xanthine and hypoxanthine are important 
growth stimulants for L. arabinosus, L. pentosus and Str. lactis,® 
and for Str. hemolyticus (group A) the factors appear to replace 
each other. Guanine and adenine are stimulatory for L. casei.1® 


In the case of Str. hemolyticus the purines are replaceable by 
their nucleotides and nucleosides.1!! 


1 Hutchings & Peterson, 1943 2 Hegsted, 1 3 Ni 
: K » 1944. Niven, 1943. 
: Niven & Sherman, 1944. ® Dunn et al., 1945. §& Fildes & Richardson, roa 
a Richardson, 1936. 8 Hutner, 1944. ® Snell & Mitchell, 1942. 
Feeney & Strong, 1942. 11 Pappenheimer & Hottle, 1940. 
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Using Str. hemolyticus and adenylic acid as growth factor, a 
correlation was found between the adenylic acid and the CO, 
pressure. At high pressures of CO, (40 mm. Hg.) adenylic acid 
became unnecessary and its addition caused no increase of crop. 
In the absence of CO, no significant growth occurred in the 
absence of adenylic acid. ‘The general relationships are obvious 
from Table 22. 


TABLE 221 


Errect oF ADENYLIC ACID AND CO, ON GROWTH OF Str. hemolyticus 
C.203 S (277) 


P.O, = 120 mm. 
Total p. made up to 740 mm. with N3. 
Growth in mg. bacterial N/500 ml. 


Growth 


CO, pressure No adenylic acid Adenylic acid 


mm. Hg. ro @g./ml. 


20 hours 40 hours 20 hours 40 hours 





The requirements of bacteria for these compounds are obviously 
important, though at present knowledge on this subject is very 
rudimentary. 


Reconstruction of a complex medium 


Having considered some of the individual requirements for 
bacterial growth, it is instructive to see how various units con- 
tribute towards supplying the optimum growth of any one organ- 
ism. Such a study has been made by Mueller in the case of a 
difficult strain of the diphtheria bacillus. The stock medium for 
this organism was Liebig’s extract 0°5% ; peptone 1%; and 
NaCl 05%. Growth at 35° was estimated by a micro-kjeldahl 
method at 55-60 hours. As a basis for fractionation, the stock 
medium was replaced by that given in Table 23. This gave a 


1 Pappenheimer & Hottle, Proc. Soc. exp. Biol. Med., 44, 645 (1940). 
2 Mueller, 1935. 
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TABLE 23 





A. Salt mixture 


NaCl 5°0 
K.HPO, ols 
CaCl, O'O107 
MgSO, O'0107 
FeCl, 0°0035 
HCl conc ; - 0°035 

B. Liebig’s extract . : A 75 

C. Tryptophan . - : : orl 

D. Acid hydrolysate of caseinogen 10’0 





growth equivalent to about 0-2 mg. bacterial N/ml. A and B were 
left constant, C replaced the tryptophan destroyed by acid hydro- 
lysis, and D was fractionated by Dakin’s butyl alcohol extraction 
method, as shown in Table 24. Keeping A, B and C constant, 


TABLE 24 
Actip HypbroLysiIs OF CASEINOGEN, D 


D-I D-II DEL Ea 
(monamino fraction) (proline fraction) (unextracted residue) 


(x) -Methionine (6) Ethyl alcohol | (7) /-Glutamic acid 


(2) /-Histidine (8) /-Cystine 
(3) Glycine 

(4) /-Valine 

(5) /-Phenylalanine 





D was adequately replaced by D-I, D-II and D-III. Keeping 
D-I and D-III constant, D-II could not be replaced by proline 
and its activity was finally attributed to ethyl alcohol (6) present as 
a solvent in this fraction (see Fig. 24, curve 1). Keeping D-I and 
D-II (or 6) constant, the essential constituents of D-III were 
shown to be /-cystine (curve 2) and /-glutamic acid (curve 3). The 
former is adequate at 2 mg./ml. whilst the latter is required at 50- 
100 mg./ml.; this suggests that glutamic acid supplies not only 
a building stone, but a source of carbon and energy. Keeping 6, 
7 and 8 constant, D-I showed a marked positive effect (curve 4). 
Of the nine amino-acids known to be present in D-I, glycine, 
alanine, valine, leucine, serine, phenylalanine, methionine, tyro- 
sine and oxyproline were found to be dispensable, whilst subopti- 
mal growth was obtained on methionine 0-14 mg./ml. alone. This 
compound, however, displayed a sharp optimum beyond which it 
had an inhibitory action (curve 5), a phenomenon not observed 
when it was replaced by the total monamino fraction D-I. The 
toxic effect of high concentrations of methionine partially disap- 
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peared when histidine (0-1 mg./ml.) was added (curve 6), and 
was entirely wiped out when all d/-phenylalanine (0-1 mg./ml.), gly- 
cine (0-5 mg./ml) and dl-valine (1-0 mg./ml.) were also added 
(curve 7). Hence the acid hydrolysate of caseinogen is qualita- 
tively and quantitatively replaced by items 1, 2, 3, 4, 5, 6, 7 and 
8 ; tryptophan is seen to work at an optimal concentration of 0-2 


mg./ml. (curve 8). 
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Fic. 24! 


The Liebig’s meat extract was quantitatively replaced by nico- 
- tinic acid (1 yg./ml.), @-alanine (0-1 yg./ml.) and pimelic acid 


' (o-o1 yg./ml.). 


1 Mueller, 7. Bact., 29, 522-7 (1935). Reproduced by permission of Williams, 


Wilkins Co., Baltimore, U.S.A. 


Grams per 100c.c. medium 
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Influence of media on fat formation 

The growth of bacteria is influenced by the medium in a quali- 
tative as well as in a quantitative direction. ‘This has been demon- 
strated in the relative amount of lipoid substances formed on 
varying sources of carbon. With respect, for ani to Ae 
Timothy grass bacillus, Stephenson and Whetham showed t ‘9 
on an inorganic medium in which the nitrogen was supplied y 
ammonium salts (medium VII), the relative amounts of nitro- 
genous and lipoid material were conditioned by the nature of the 





-040 
-030 
*020 
O10 
° l 2 4 5 6 7 
-687 lactic r4Zlactic 1-2Zlactic glucose IZ glucose i. glucose 2% gluc 
acid acid acid 1% acetic 
0-4Z%acetic as acid 


Fic. 25.—Diagram showing the influence of diet on the chemical composition 
of the Timothy grass bacillus 


Black blocks represent grams of nitrogen synthesised per 100 c.c. of medium. 


Shaded blocks represent grams of lipoid synthesised per 100 c.c. of medium. 
(Stephenson & Whetham, Proc. Roy. Soc., B., 1922, 93, 278.) 


carbonaceous food. The composition of the bacterial growth was 
taken when the lipoid material was maximal, i.e. at the time just 
prior to the complete disappearance of the carbon compounds 
from the medium, and is given in Fig. 25. It is here seen that the 
proportion of protein (as measured by total nitrogen) to total lipoid 
differs according to whether the carbon was supplied as lactate or 
as glucose ; more striking is the addition of acetate to each. This 
addendum causes no increase in protein formation, but a high 
increase in lipoid ; increased concentration of lactate or of glucose, 
on the other hand, increases both protein and lipoids, with a 
preference for the former. The function of the lipoid thus formed 
appears to be similar to that in the animal kingdom. On the final 
exhaustion of the carbon supply of the food, i.e. in starvation, the 
lipoid content falls rapidly to about one-half, the fat fraction being 


1 Stephenson & Whetham, 1922. 
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burnt more quickly than the phosphatide, whilst the protein con- 
tent remains steady.1 The change in metabolism at the point 
when the carbon of the medium is exhausted and growth ceases 
is shown by the change in the respiratory quotient, which is 
higher than unity during the growth period and abruptly falls at 
the commencement of starvation to values indicating the combus- 
tion of fat.? 

The influence of carbon compounds added to broth media has 
also been studied with interesting results ; these are summarised 
in Table 25, taken from the work of Larson and Larson.* As 


TABLE 254 


Per cent of lipoid extractives on 


Organism 
Broth + 0-5 per Broth + 3 per 


Plain broth cent glucose cent glycerol 


B. coli communis . . . 9°09 19°9 


Staph. albus . ; : : 76 39°9 
B. megatherum : ‘ , 18:1 33°8 
B. mucosus . ; ; 9 8-82 15°42 








the authors point out, the organisms which ferment glucose are 
unable to utilise it for fat formation, whilst the more aerobic and 
oxidising type (B. megatherum) achieves a twofold increase thereon. 
Similarly B. mucosus, which also ferments glycerol, actually suffers 
‘a decrease of fat formation as a result of the presence of glucose, 
probably owing to the deleterious effects of the acid formed. 


Spore formation® 

The conditions governing spore formation have not been closely 
‘studied, and generalised and misleading statements are frequently 
‘made. It is said, for example, that unfavourable conditions of 
‘temperature, acidity, accumulation of metabolic products and 
‘exhaustion of food supply all result in spore formation. Few of 
‘these statements bear rigid examination. Buchner,° studying 
‘anthrax spores, stated that exhaustion of food supply was the 

ime cause of sporing, though none of his experiments were 
‘sufficiently rigid to exclude the possibility that change of reaction, 
‘accumulation of metabolic products and unsuitable salt balance 
‘might not be contributory or even primary causes. It is fairly 
‘clear that, in the case of this aerobe at any rate, spore formation 
‘does not occur in the absence of oxygen, and in the case of allied 

1 Stephenson & Whetham, 1922. 2 Ibid., 1923. 


2 Larson & Larson, 1922. : Ibid., 7. Inf. Dis., 1922, 31, 497. 
5 Cook, 1932. Buchner, 1890. 
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organisms it seems that liquid media containing glucose give ris 
to autolysis rather than to spores.* 

Fischoeder’s? observations on the behaviour of anthrax spore: 
are very instructive. The spores were obtained by washing ol 
cultures on nutrient agar with saline and killing of the vegetative 
forms by heating to 80° for 3 minutes. A second heating failed t 
decrease the viability of the culture, showing that the treatmen 
completely differentiated between spores and non-resistant forms 
Experiment showed that spore suspensions in saline kept at 37' 
germinate, though comparatively slowly. This was shown by re- 
moving duplicate samples a and 6 at intervals, and pouring «¢ 
direct and d, after heating to 80° for 3 minutes, on to nutrient agai 
plates, and comparing the counts, the difference in the two counts 
representing the number of spores which had germinated in the 
interval. In physiological saline at 37° about half the spore: 
germinated® in 5 hours, in tap water the same proportion in 1 
hour, whilst in broth an amazingly rapid change set in, about 98% 
of the original spores having passed to the non-resistant stage ir 
IO minutes. 

It is improbable that the same factors influence the formation 
of spores in all cases, but there is evidence that in several instance: 
nutrition plays a part. Henrici‘ in the case of B. coherens found 
that spore formation proceeded earlier on broth agar medium of 
low nutritive value and Williams® noticed that spore formation 
with Bac. subtilis proceeded faster on 0:5% than on 5% peptone. 
Tarr® showed definitely with five members of the Bacillacee that 
spore formation occurs most readily in low concentrations of 
nitrogenous nutrients. More detailed study of this effect is given 
in Table 26. There it is seen that dilution of casein broth 1/10 
produces in all cases almost complete sporulation (media 1 and 3). 
The enrichment with Witte’s peptone, ammonium phosphate and 
glycine has no marked effect, alanine, tryptophan and glutamic 
acid exert some inhibitory effect, whilst asparagine inhibits com- 
pletely. It is noticeable that glycine inhibits growth but not spore 
formation. 

Little is known about the germination of spores except in the 
case of the Clostridia. Here it has been shown in the case of Cl. 
tetant’, * that if the Eh of the medium is held constant by passing 
through it a stream of very dilute oxygen in nitrogen, a relation 
exists between the time required for spores to germinate and the 
O.R. potential at the electrode. The shortest germination time 
found was 4 hours at —o-o5 volt or more negative ; at more posi- 

1 Cook, 1931. * Fischoeder, 1909. 8 Henrici, 1928. 4 Tbid. 


5 Williams, 1930. 6 Tarr, 1932. ? Fildes, 192 
8 Knight & Filde 1930. a 
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TABLE 26! . 
°% OF SPORES FORMED IN MEDIUM 











Medium 
Strain 
|B. mesentericus I I 
B. subtilis I : . 3 
B. subtilis II ° ; o | 91 | 96 | 56 | 98 | 82 
B. megatherum ° 





* Growth inhibited. 


Media 
Casein digest stock broth diluted with 
1. 05% NaCl 1/3 containing 2°8 mg. amino N/ml. 


2. ” 1/15 0» - 
3- ” 1/30 9 ” 
4. a 1/30 + 1% Witte’s peptone. 
5. ‘4 1/30 + 2% (NH,4)2HPO,. 
6. “a 1/30 + 2% glycine. 

7, Pr 1/30 + 2% asparagine. 

8. 2 1/30 + 2% alanine. 

Q. a 1/30 + 2% tryptophan. 

O. 


aol 


" 1/30 X 2% glutamic acid. 


tive levels the lag increased so that at Eh + o-10 volt it was 
8-10 hours; at levels more positive than EA + o-11 volt (pH 
7-0-7°65) germination never occurred, though spores remained 
viable. 


7 
‘ 


, 1 Tarr, H. L. A., ¥. Hyg., 1932, 32, 535. 


CHAPTER VIII 
NITROGEN FIXATION 


Tue faculty of using molecular nitrogen for the synthesis of cell 
material is, so far as we know, confined to micro-organisms, and is 
not shared by any of the more complex forms of life. It is true that 
periodically the power has been claimed for certain of the higher 
green plants, but so far it has always appeared subsequently that 
adherent symbiotic bacteria were the active agents. Indeed, even 
among bacteria only a very few species possess the faculty to any 
appreciable or useful extent. 

The actual discovery that nitrogen fixation occurs through the 
agency of microbes was due to Jodin.1 In a seldom-quoted 
paper published in 1862 he demonstrated that a solution con- 
taining phosphate, and either sugar, tartaric acid or glycerol, but 
no organic nitrogen, supported a vigorous growth of “ myco- 
derms.”’ If the culture fluid were enclosed in a sealed vessel, a 
decrease of nitrogen as well as of oxygen could be demonstrated, 
the nitrogen absorbed being 6-7% of the oxygen used. It is 
difficult to tell whether this important observation was influenced 
by Pasteur’s writings on the microbial cause of fermentation ; 
in any case, it stands as the first real biochemical evidence of the 
part played by microbes in nitrogen fixation. Subsequent to the 
early discoveries of Pasteur, an intensive study of soil problems 
took place. Thirteen years after Jodin’s paper, Berthelot? demon- 
strated a rise in the organic nitrogen content of soils enclosed in 
pots and left uncultivated over a period of several months (increase 
due to soluble compounds of nitrogen carried down with the rain- 
fall being duly allowed for). The fact that no increase occurred 
in soils previously sterilised by heat, or at the low temperature 
prevailing during the winter months, pointed to the agency of 
micro-organisms. A typical example of Berthelot’s results is given 
in Table 1. 

Later Berthelot? obtained from the soil several organisms 
which, when grown in vitro, could be shown to multiply at the 
expense of atmospheric nitrogen, though whether he obtained 
any nitrogen fixers in pure culture is doubtful. 

Meantime, Winogradsky* had been attracted to the problem. 
He first showed that the inoculation of soil into a nitrogen-free: 
* Jodin, 1862. * Berthelot, out Ibid., 1893. 4 Winogradsky, 1893. 
fe) 
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TABLE 1 
NITROGEN PER Kc. or Dry Sort (SANDY Loam) 


30 April 6 July 10 October 


Combined nitrogen, gm. . O’IIOI 01279 0°1387 


Nitrate : 0 0018 Traces 0°0009 
Total , OIII9 0°1279 0°1396 
Gain of ; — 00160 0°0277 





medium containing glucose resulted in a fixation of nitrogen 
coincident with an intense fermentation of the sugar. ‘The follow- 
ing year he succeeded in isolating the microbe responsible, which 
proved to be an anaerobe (Clostridium pastorianum) whose apparent 
aerobic existence was due to the presence of contaminating 
aerobes. When grown anaerobically in a synthetic medium con- 
taining no combined nitrogen (No. 1) it was proved to multiply 
at the expense of atmospheric nitrogen, about 2 mg. of which 
ppeared in organic form (as bacterial cell-stuff) per gm. of 
glucose fermented. The chief products of the fermentation were 
cetic and butyric acids, carbon dioxide and hydrogen. 

Two other important observations were made by Winogradsky 
in the course of his work on Clostridium pastorianum. ‘The first 
was that, under constant experimental conditions, the nitrogen 
fixed was closely proportional to the glucose broken down ; this 
's shown in Table 2. The second was that the fixation of nitrogen 


TABLE 2 “ 





I 2 





Glucose broken down, gm. . . < , 2'0 4:0 


Nitrogen fixed, mg. .- ‘ ; : ‘ 5°9 9°7 
' Mg. of nitrogen fixed per gm. of glucose 
broken down . ‘ P , ; ; 2'9 2*4 











was inhibited by ammonium salts (see Table 3, column 1). 
This inhibition could, however, be counteracted by increasing 
the concentration of glucose (see Table 3, columns 2, 3 and 4). 


TABLE 3 





’ Glucose broken down, gm. .- , 1'o 2'0 30 4:0 
initial , 10°6 10°6 10°6 10°6 

, Nitrogen present, mg. | final . : 10°6 II° 14°3 14-7 
\ gain ; ; oo o'8 i J 4°1 


S200 
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If at the higher concentration of glucose the concentration — 
ammonium salts was again raised nitrogen fixation was aga 


inhibited (see Table 4).+ 
TABLE 4 





Glucose broken down, gm. . 3°0 zie. 3°0 3°0 3°0 3% 
{ initial ast 4°2 6°4 Ss | 17°06 4 aim 
final . | gv1 9°2 IT'O /)i east rss 19°C 


Nitrogen present, mg. | : 6 50 55 3:6 03 |— 2:2 
gain . ‘ : ; 


Winogradsky suggested that the fixation itself might invoh 
the direct combination of nitrogen with nascent hydrogen pri 
duced in the breakdown of the glucose, ammonia being therek 
formed. On such an assumption the inhibitive effect of ammon 
would be explicable as the result of mass action; the remov 
of the inhibitory effect by the addition of more glucose woul 
then be due to the removal of the ammonia to supply nitroge 
for the increased growth of the cells so that the reactio 
N, + 3H, =2NH; would then proceed in the — direction. 


Aerobic nitrogen fixation 


The fixation of nitrogen is not, however, exclusively or eve 
predominantly an anaerobic process, and is often carried out i 
the presence of oxygen gas. In 1gor Beijerinck isolated tw 
similar organisms, one from both soil and canal water and th 
other a motile form found only in the latter, both of whicl 
when grown on his nitrogen-free medium (No. II) with a suitabl 
source of carbon, were found to be capable of vigorous nitroge: 
fixation. ‘The former (commoner) variety is known as Azoto 
bacter chroococcum, the motile form as Azotobacter agilis. 

The isolation of Azotobacter chroococcum is effected by follow 
ing the method of Beijerinck.2, The medium employed (No. II 
with mannitol or propionate is used in preference to one wit 
glucose, as the latter is more favourable to the development o 
Clostridium pastorianum. The medium is placed in thin layer 
in Erlenmeyer flasks, sterilised by steaming, and inoculated wit! 
o'r to 0:2 gm. of garden soil, and incubated at between 20° an 
30°. After about three days the mixed culture which develop 
is subcultured into fresh medium and the process repeated tw 
or three times. At this stage the culture is mainly Azotobacte 
chroococcum, and is able to fix nitrogen vigorously ; other form 
are, however, present, in particular a small bacillus, Radiobacte? 


1 Winogradsky, 1894. 2 Beijerinck, rgor. 
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which invariably occurs in the soil with Azotobacter, with which it 
lives symbiotically. Azotobacter can be obtained in pure culture 
by plating on to the same medium with 2% agar. Beijerinck 
originally asserted that when in pure culture Azotobacter no longer 
fixed nitrogen. Subsequent workers have disproved this, and 
plenty of results have been obtained of strong nitrogen fixation by 
Azotobacter in pure culture. It is generally agreed, however, that 
a somewhat more vigorous fixation occurs in mixed soil cultures. 
Beijerinck was also of opinion that traces of nitrogen compounds 
were necessary in order to start the growth of the organism, but 
this observation has not been corroborated. 


The occurrence of nitrogen-fixing power 


Though nitrogen fixation has been shown to be pre-eminently 
the property of a few species, yet evidence is not lacking to suggest 
that the line of demarcation between the fixers and other organ- 
isms is not so sharp as was at first supposed. It has already 
been mentioned that in certain media fixation is in abeyance and 
that the organism then grows at the expense of combined nitro- 
gen ; also that prolonged cultivation of Clostridium pastorianum in 
laboratory media results in loss of nitrogen-fixing power which 
by suitable cultivation can again be restored. ‘That nitrogen 
fixation is not the exclusive property of the three groups of estab- 
lished nitrogen fixers has been made highly probable by a large 
amount of converging evidence; small amounts of nitrogen 
fixation by certain moulds,’ and also by a few yeasts,” have been 
Bored. The small degree of fixation in most of these cases 

es it necessary to observe caution in accepting the results until 
torroborated by the use of isotopes. 


Fixation by alge 

" The blue-green alga nostoc* * displays a high degree of nitrogen- 
fixing power. In synthetic medium (No. V) and no fixed nitrogen, 
with continuous illumination of 350 foot-candles and aeration 
with 1°%, CO, in air, growth and fixation run parallel, 9:8 mg. of 
nitrogen being fixed in 44 days. We have here an example of an 
organism “‘ living on air.” In the presence of glucose and absence 
of light fixation occurs at about twice this rate, amounting to 
.g to 12 mg. per g. of sugar. See Table 5. 

; 


1 Puriewitsch, 1895; Ternetz, 1904; Frohlich, 1907 ; Stahl, 1911. 
2 Lipman, 1911. 8 Allison & Hoover, 1935. 


4 Allison, Hoover & Morris, 1937. 
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TABLE 51 
mg. N fixed in 44 days 
: Aerated with 
Unaerated 1% CO, 

In alr 
Control; basal medium only : : : 15 53 
Basal medium + CaCO, 20 mg./100 c.c. : 2'0 Tp 
+, im a 100 mg./100 c.c. . ZT 9°8 

A A if 100 mg./100 c.c. + 
1% sucrose ; 2°2 11°8 





Distribution of nitrogen fixers in the soil 

zotobacter and Clostridium are widely distributed in soil 
the former to a depth of about 50 cm., the latter reaching lower 
They are also found in salt and fresh water, frequently in symbiosi 
with alge. ‘They are stated to be absent from virgin soils an 
from soils at high altitudes except where alge are present. Th 
presence of calcium carbonate favours their multiplication, prob 
ably by neutralising the acid products of carbohydrate breakdown 
and phosphates are essential. Azotobacter is not prevalent ix 
peaty soils, as the acid reaction is unfavourable. Soils which fai 
to give a growth of Azotobacter when inoculated into selectiy 
culture media may do so when 5 x 1075% of sodium molybdat 
is added.* The increase of nitrogen fixers in the soil can be in. 
duced by dressings of lime, chalk, phosphate, and by carbohydrat 
refuse (molasses, etc.), according to the natural deficiency of th 
soil in question. 

Symbiosis between Azotobacter and higher plants frequently 
occurs. Chilorella, for example, can develop in tap water wher 
associated with Azotobacter, the former assimilating carbon dioxidé 
and the latter pure nitrogen. Both Azotobacter and Clostridiun 
pastorianum occur on the mucilaginous surface of seaweeds,‘ anc 
it is extremely probable, though not actually proved, that they 
exercise there a symbiotic function. The growth of green algz in 
media free from combined nitrogen is probably due to a simila1 
symbiosis, and not to nitrogen-fixing powers of the alge, as 
suggested by Moore and Webster.® 


The symbiotic nitrogen fixers 


The observation that leguminous plants enrich the soil anc 
prepare it for the growth of cereals has been handed down from 
early times ; the fact, however, that these plants actually absort 


, Allison & Hoover, 1935. ? van Niel, 1935, (2). 3 Li | 
* Issatchenko, 1926. 5 Moore & Wet rouge & Teakle, 1925 
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atmospheric nitrogen was first proved in 1838 by the experiments 
of Boussingault. This observer cultivated both clover and wheat 
in sterile sand, and showed that whilst both plants gained carbon, 
hydrogen and oxygen, only the former gained nitrogen (Table 6). 


TABLE 6 
THREE MONTHS’ CULTURE 










Gain in weight, g. 





Plant 
Total Carbon Hydrogen Oxygen Nitrogen 
Clover . 2°574 1276 0176 1°026 0°042 
Wheat . 1°378 0689 0078 0608 0'003 


Later experiments on very completely ignited sand failed to 
show a gain in nitrogen by either plant. Subsequent workers laid 
some stress on the presence of root nodules, and showed that these 
were not formed by seedlings grown in sterile soil or sand.? The 
nodules were also known to consist largely of bacteria, but the 
early tendency was to regard them as pathogenic rather than 
symbiotic in character. 

In 1888 Hellriegel and Wilfarth,* in a paper embodying the 
results of four years’ experimentation, and justly regarded as 

classical, finally settled the relationship between nodule formation 
‘and nitrogen fixation. ‘They demonstrated by means of pot 
culture in sand that whereas the Graminacee are dependent on 
‘combined nitrogen (nitrates) for growth, peas and other Legumi- 
nose can develop in its absence, and that in such cases the total 

jtrogen of the grown plant exceeds that initially present in the 
test and the soil. In soil sterilised by heat and watered with 
‘sterile water, on the other hand, the Leguminose behave like the 
_Graminacea, i.e. they depend on the presence of combined nitro- 
“gen. When instead of sterile water extract of agricultural soil was 
‘used for watering, the difference between the two types of plant 
once more manifested itself, i.e. the Leguminose developed but not 


the Graminacea. | | 
Growth of the Leguminose and nodule formation were associated 


as follows : 

Growth in sterile sand without nitrogen was stunted and 
curtailed, and no nodules appeared. Growth in sterile sand with 
‘nitrate was normal, but again no nodules were formed. In non- 
sterile soil nodules were produced both in the presence and absence 
of soil nitrate, their formation being accompanied by a gain in 
itrogen, i.e. the nitrogen of the grown plant + the residual 

1 Boussingault, 1938. 2 Frank, 1879. 3 Hellriegel & Wilfarth, 1888. 
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nitrogen of the soil exceeded the initial nitrogen of the seed + that 
of the soil. Thus the ability to use atmospheric nitrogen, whether 
in the presence or absence of soil nitrogen, never occurs without 
the presence of nodules : nodules never occur except in unsterilised 
soil, or by the addition of unsterilised soil extracts. Hellriegel 
and Wilfarth hence deduced that nitrogen fixation is due to a 
‘‘ soil ferment ”’ whose locus operandi is the root nodules. 

Later Schloesing and Laurent! demonstrated, by the volumetric 
analysis of the enclosed air in which peas with nodules were 
growing, that an actual absorption of nitrogen occurred whilst 
simultaneously the system soil and plant gained in nitrogen, an 
approximate agreement between the two being demonstrated 
(‘Table 7). 

TABLE 7 


Loss of N from the air . 


Gain of N by plant and soil 





Beijerinck? was the first to succeed in cultivating the nodule 
organism (B. radicicola, now known as Rhizobium) apart from 
the plant. For this purpose he found ordinary laboratory media 
(broth, etc.) unsuitable, but attained success by the use of a decoc- 
tion of leaves from leguminous plants with 0-25°% asparagine and 
0'25% cane sugar. He also demonstrated that the organisms 
occur free in the soil as well as in the nodules, thus accounting 
for the success of Hellriegel and Wilfarth in infecting the roots of 
rae growing on sterile sand by watering with aqueous extract 
of soil. 


Nodule formation in other plants 


Although symbiotic nitrogen fixation occurs most successfully 
in the Leguminose, yet nodule formation is met with in other 
orders sometimes but not always associated with nitrogen fixation. 
Many species of Alnus (alder), for example, have large root nodules. 
Hiltner® first demonstrated the probability that these were con- 
cerned with nitrogen fixation by growing seedlings of Alnus 
glutinosa in sterile soil without nitrogen, some pots being in- 
oculated with material from Alnus nodules. At the end of one 
year the plants in the inoculated pots were large and healthy 
those in the uninoculated pots being small and sickly with 
symptoms of nitrogen starvation. More recently similar but 

1 Schloesing & Laurent, 1890. * Beijerinck, 1888. 3 Hiltner, 1896. 
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more detailed experiments on the same species have been carried 
out at Helsingfors.t Seeds of Alnus glutinosa were sown in 
aerated water cultures or in sand (a) without fixed nitrogen but 
inoculated with nodule material from the same species ; (6) with 
ammonium nitrate and without inoculation; (c) without fixed 
nitrogen or inoculation. (c) gave no growth and (a) gave markedly 
better growth than (d) (this is unlike the case of the Leguminose 
where growth on fixed nitrogen is generally as good as and some- 
times better than that dependent on nitrogen fixation). Nodules 
were formed only on plants in inoculated cultures and the super- 
iority of the (a) over the (5) series held at all values of pH from 
4:0 to 7:0. This series of experiments also shows a marked pH 
optimum of 6:0 for the (a) series ; no effect of pH within the range 
tried was noticeable with the (5) series. A number of organisms 
were isolated from the Alnus nodules but none were effective in 
causing nitrogen fixation, though some caused nodule formation. 

Another case of root nodules associated with nitrogen fixation 
is that of Coriaria japonica A. Gr.” studied by Kataoka. In 
several members of the Eleagnacee and in Ceanothus and Myrica 
nodules have been described without nitrogen-fixing function 
being definitely established. 


Symbiotic nitrogen fixation in leaves 

Bacteria in knots or nodules on leaves have been found in the 
Rubiacez® and in Dioscorea.* The organism from the former was 
cultivated in synthetic medium by van Faber® and its nitrogen- 
fixing powers demonstrated; 5-6 mg. of nitrogen was fixed 
in 20 days on 200 ml. of a synthetic medium containing 2% 
gum-arabic as source of carbon. Faber also succeeded in obtain- 
ing plants free from the organism by careful sterilisation of the 
seeds ; the growth of these was stunted as compared with those 
infected with the organism. In nitrogen-free sand the infected 
seedlings developed, whereas the sterile seedlings died off at an 
early stage. Successful inoculations of sterile seedlings with the 
organism were carried out, nodule formation and increased growth 
resulting. 


The adaptation of manometric technique to the study of nitrogen 
fixation 
The difficulty of measuring nitrogen fixation except by the 
tedious method of estimating nitrogenous cell material retarded 
progress in this field for a long time. The adaptation of the mano- 
metric technique to this problem (due to Burk and his school) 


1 Virtanen & Sastamoinen, 1936. 2 Kataoka, 1930. 
* Zimmermann, 1902. 4 Orr, 1923. 5 yan Faber, 1912 and 1914. 
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has been mainly responsible for the progress achieved since 1927. 
The difficulty of measuring directly the uptake of nitrogen in 
fixation by Azotobacter is due to the fact that the process does not 
occur anaerobically. Hence in manometric measurement two 
changes of pressure are being measured simultaneously, one due 
to respiration and the other due to nitrogen fixation, the latter 
being relatively very small. The respiration rate of Azotobacter1,? in 
the presence of carbohydrate or similar food material and at oxygen 
pressure of 20% of 1 atm. is extremely high (Qo, = 2000 or 
more). In such circumstances the pressure change due to nitrogen 
fixed is about 1°% of the total gas change. However, by working 
at a reduced oxygen pressure (initially 2-1% oxygen in nitrogen) 
over a period of 14 hours it was possible to show an absorption of 
nitrogen as well as of oxygen.* In Exp. A the manometer con- 
tained a dilute culture of Azotobacter in inorganic medium with 
1% glucose and o-1 mg. of ammonia-N per c.c. In Exp. B no 
ammonium salt was present (see Table 8). This: experiment 


TABLE 8 


Manometer reading 


Average 





N, decrease 
O, decrease 


4'2% 


shows that with carefully arranged conditions it is just possible 
to demonstrate nitrogen fixation directly by manometric means, 
but for practical purposes the method has little advantage over the 
Kjeldahl estimation of bacterial nitrogen. The successful adapta- 
tion of manometric technique to the measurement of nitrogen 
fixation is due to the circumstance that in young cultures of Azo- 
tobacter growing in inorganic medium with glucose and no fixed 
nitrogen the growth curve as measured either by cell count dry 
weight or nephelometrically is reasonably superimposable on the 
respiration rate curve. Hence rate of respiration can be used as 
a measure of cell growth, which (in the absence of fixed nitrogen) 
means nitrogen fixation. This is illustrated in Viger ethe 
graphs in Fig. 1 represent the respiration of a 48-hour culture of 
A. vinelandii in inorganic medium (No. IV) and 1 % glucose. Each 
vessel contained at the beginning 3 x 10° cells. Vessel I was 
filled with 21% oxygen in hydrogen. Here the respiration rate 


1 Meyerhof & Burk, 1928. * Lineweaver, 1932. 3 Burk, 1930 
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remained approximately constant for 6 hours, falling very slightly 
with age. At this time (c) the gas was changed to 1% nitrogen in 
21%, oxygen in hydrogen; no measurable growth was obtained 
after 10 hours more. The nitrogen was then raised to 6% (d); 


g . 


a 
° 


100 


/ncrease of Growth (rate of respiration mm.of oxygen per Hour) 
S 





tes 405) G7 18° 9 10 11 12°13 14 15: 16 
Hours. 
Fic. 11 


the respiration rate increased after a further 3 hours (IV). Curve I 
shows the rising respiration rate of a similar culture in air. Curve IT 
shows the effect of changing the gas mixture (at a) to 21% oxygen 
in hydrogen, when growth stops (a-b). At 6 the gas mixture was 
changed to 20% nitrogen and 21% oxygen in hydrogen; growth 
immediately starts. Curves V and VI show the growth rate when 
fixed nitrogen is present as ammonia (0:10 mg. of nitrogen per 
ml.). Gas mixture in V is 21% oxygen in nitrogen; in VI, 21% 
oxygen in hydrogen. Here the growth rates are identical, showing 
that this concentration of ammonia suffices to inhibit fixation. 

This rapid method of estimating nitrogen fixation has made it 
possible to study the process in detail and some results obtained 
will now be considered. 

The measurements embodied in Fig. 1 were made in an atmo- 
sphere in which hydrogen was the diluent gas on the assumption 
that it was inert with respect to fixation. It is now known that it 


1 Burk, 1930, J. phys. Chem., 34, 1180. 
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is a specific inhibitor for the fixation process, and hence the actual 
form of the curves obtained is influenced by this fact ; nevertheless 
the experiment is valid in that it demonstrates that the respiration 
rate can be used as a measure of nitrogen fixation. Unfortunately, 
however, the use of hydrogen as a diluent has invalidated Burk’s 
figures on the effect of oxygen and nitrogen pressures on rate of 
fixation, and figures obtained by later workers must be substituted. 


100 


80 









@ 
~ 60 = Uptake of NH,NO, 
= —— = Uptake of Ny 
> xX = Helium 
iS 40 4& = Argon 
oO = Vacuum 
Hydrogen 
20 


0-4 pNo in atm. 





Fic. 2.—The pN, function of Azotobacter based on total N showing rate 
of fixation in different gas mixtures. The points shown are the means 
of 3-7 estimates! 


If the rate of fixation is measured at different pressures of Ny 
diluted with helium or argon or carried out in vacuo, Curve I, 
Fig. 2, is obtained. Here it is seen that the rate of fixation remains 
constant till the pressure of N, is reduced to 0-15 atm.; it then 
rapidly declines, attaining 50°, maximum rate at o-o1 atm. The 
effect of pH on fixation and on growth in fixed nitrogen is shown 
in Fig. 3. Growth in free nitrogen decreases from a maximum at 
pH 7°8 to zero at pH 5-97; irreversible inhibition takes place 
below pH 5:0. 

Calcium and strontium are essential for fixation and also for 
growth on fixed nitrogen. Maximum effects are obtained by 
2 x 10-4 and half maximum by 3 x 10-5 M Ca; strontium 
requirements are slightly higher. Where these elements are 
deficient the effect of adding them is observable in a few minutes 


1 Wyss et al., Biochem. ., 35, 847 (1941). 
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to one hour, but the pH limit is unaffected by them. In accordance 
with the indispensability of calcium and strontium, growth is 
completely inhibited by oxalate o-oo15 M and 50% by o-o005 M. 


0-350 





0-100 
Ain free N. 
| 0.050 B in fixed N 
J 
50 55 6-0 65 7-0 75 8-0 85 90 
P H. 
Fic. 3 


Fluoride 0-0273 M is equivalent to oxalate 0-0015 M in ability to 
inhibit growth ; this is roughly in accordance with the solubilities 
of calcium oxalate and calcium fluoride.? * ° 


F The effect of iron and magnesium 

The beneficial effect of soil or humus on Azotobacter has been 
noted by several workers. Rosing,* for example, showed that 
nitrogen fixation was markedly improved by acid extract of soil 
and that the extracted soil was inactive. The activity of the 
extract was shown to be due to iron and could be supplied by 
ferric oxide or phosphate equivalent to 15 mg. of Fe,O3 per 
100 ml. of medium. Humus was shown by Burk and co-workers® 
to increase the growth of Azotobacter on free and fixed nitrogen ; 
it was again shown that this action was due to iron and could be 
replaced by iron salts. The alleged specific action of iron on 
fixation apart from growth appears to be illusory® and possibly due 


1 Burk & Lineweaver, 1931. 2 Burk, 1934. 3 Burk & Horner, 1940. 
* Rosing, 1912. 5 Burk, Lineweaver & Horner, 1932. 6 Burk, 1934- 
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in some cases to the presence of molybdenum. Humates which 
contain traces of a number of metals probably exert their effect 
through the non-specific influence of iron and the specific action 
of molybdenum. 


Effect of molybdenum and vanadium 

The beneficial effect of molybdenum was first observed by 
Bortels, who found that it increased growth on free nitrogen two- 
to threefold. The most recent studies on this subject show that 
a detectable effect on growth of Azotobacter on free nitrogen is 
obtained at a concentration of molybdenum of o-ooo1 p.p-m. and 
an optimal effect at 1 p.p.m.; 0°03 p.p.m. gives half maximal 
growth and o-1 p.p.m. gives 80-go% maximal growth. Molyb- 
denum is replaceable by vanadium at practically the same concen- 
trations.” Certain strains of Azotobacter appear to be able to make 
more effective use of molybdenum than the majority and show 
only a twofold increase when molybdenum is added to the defi- 
cient medium, whereas most strains respond by a thirty- to forty- 
fold increase. This appears to be due to a more effective response 
to traces of molybdenum present in the control medium.* Molyb- 
denum has also been shown to have a favourable effect on fixation 
by the blue-green alge. 

The extremely low concentrations of molybdenum specifically 
catalysing the fixation process led to some interesting speculations 
by Burk.® It is seen that 10-® M molybdenum (100 p.p.t.) 
is sufficient to give practically maximum fixation in a culture con- 
taining 2-6 x 101° cells per litre. This corresponds to 107% 
x 6 x 107% molecules/6 x 101° cells, that is, 10,000 molecules 
molybdenum per cell; 2000 molecules molybdenum per cell 
gives half maximum velocity. One cell of Azotobacter 2u in 
diameter contains about 101! molecules, most of which are water, 


So 10,000 molecules per cell gives a ratio of 1 molecule molybdenum 
per 10’ cell molecules. 


Energy relations in fixation processes 


In considering the possible mechanisms by which nitrogen 
may be fixed, the question of the free energy available in different 
reactions becomes very important. It is frequently assumed in 
the literature that nitrogen fixation must necessarily be an endo- 
thermic process, plausibility being lent to this assumption by the 
fact that in all the cases as yet described it is attended by the 
exothermic breakdown of organic substances. Burk,® however, 
has investigated the subject from the standpoint of thermo- 


: Bortels, 1930. * Horner et al., 1942. 3 Tbid. 
Bortels, 1940. ® Burk, 1934. 8 Tbid., 1927. 
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dynamics and has pointed out that several possible processes are 
both exothermic and yield free energy; for example, the pro- 
duction of ammonia from nitrogen and hydrogen (in standard 
conditions, see p. 13) is represented thus: 


4N, gas + 3/2H, gas +- H,Otia. z= NH,OHiia. 
— AH = 20,300 cals. 
— AF = 6300 cals. 


Supposing the reaction to occur by means of free hydrogen 
and free oxygen, as might be the case aerobically in the presence 
of formic acid (HCOOHaa. = CO, gas + Fis gas... AF = 6340 
cals.), more free energy would be available owing to the replacing 
of water with oxygen gas, 

4N, gas + 5/2H, gas ++ 40, gas = NH,OH aq. 
— AF = 62,860 cals. 


Burk has also suggested that the hydrogen normally present 
in the atmosphere, amounting on an average to 0:01 % by volume, 
may conceivably play a part in nitrogen fixation by some organisms. 

Although recent work renders it highly probable that fixation 
occurs by a reduction process, the possibility that oxygen may play 
a part cannot as yet be ruled out. Burk has calculated that though 
the reaction 

4N, gas + 5/40, gas + 4H,Otiq. = HNO, aq. 
has a negative value for —AF under standard conditions (see 
p- 13), yet if the concentration of the HNO, is reduced to o-1 M, 
then —AF is zero, this being the equilibrium concentration ; 
further reduction in the concentration of HNO, gives a positive 
value for — AF. 

Another possible fixation process is that of the ‘“ hydrolysis ”’ 
of nitrogen, i.e. the reversal of the denitrification reaction ; this, 
however, in standard conditions, occurs with the absorption of 
free energy: 

N, gas. + 2H Oia. = NH,t+ + NO,- 
— AF = — 85,690 cals. 

According to Lewis and Randall,’ a pressure of nitrogen of 10°? 
atmospheres would be required for the formation of ammonium 
nitrite at the equilibrium concentration (— AF =o); hence if 
fixation occurs by this process energy must be supplied by some 
other reaction. 

The formation of urea offers another possibility : 

CO gaq. + 2NH gaa. + H ,Ohig. = CO(NH,). + 2H ,Oria. 
— AF = — 5030 cals.® 


1 Lewis & Randall, 1923, p. 558. 2 Ibid., p. 597. 3 Burk, 1927. 
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By decreasing the concentration of urea, however, the reaction 
may proceed without the addition of free energy ; whilst if urea 
is formed from its elements — AF is positive (47,280 cals.).* 

It has been suggested by Léb,? on the analogy of syntheses 
obtained under the influence of the silent electric discharge, that 
fixation may occur through the following reactions : 


2CO, + 2NH, + H,O >2H.CO.NH,+H,0 +0, 
COO.NH, COONH, 


2H .CO.NH,+H,0 = | +H,— | +40, 
CO. NH, CH, . NH, 


No biochemical evidence, however, exists for this transforma- 
tion, which is endothermic in character. 

It is fairly clear that, in the presence of hydrogen arising from 
the fermentation of sugars or formate, nitrogen fixation can pro- 
ceed without any associated energy-giving process, and that the 
same is true if the reaction is an oxidative one occurring in the 
presence of free oxygen. The older literature is, however, per- 
meated with the idea that it is a process requiring the addition 
of energy, and many of the facts accumulated concerning the most 
favourable conditions for nitrogen fixation have been interpreted 
in that light. 


The mechanism of nitrogen fixation 


In spite of much study the actual mechanism of fixation, in 
particular the primary reaction by which N, enters into combina- 
tion, is still obscure, but much evidence has recently accumulated. 

It has been shown that molecular hydrogen inhibits fixation 
both in symbiotic fixation® and with Azotobacter.t This was 
shown in the former case by growing inoculated red clover plants 
in free nitrogen diluted with varying concentrations of H,. Con-. 
trols using fixed nitrogen were also made. Batches of 20 plants: 
were grown (a) on free, (6) on fixed nitrogen, at different partial! 
pressures of H,, and harvested at intervals. The nitrogen assimi-. 
lated by the plant was estimated. The results of this beautiful! 
experiment are shown in Fig. 4. It is seen that the growth (which: 
is logarithmic) in all cases is severely restricted by H, when depen- 
dent on N fixation, but that it is unaffected when occurring o 
NH, salts. 

A similar effect was obtained with Azotobacter. In an atmo- 
sphere of N, fixation proceeds at the maximum rate till the pressure 
is reduced to about 0-15 atm., below which it falls rapidly. At 
o-or atm. the K value is about 50%. In the presence of H, 4 


* Lewis & Randall, 1923, p. 586. 2 Lab, 1913. 3 Wil 
4 Wyss et al., 1941. 5 Ibid 913 ilson et al., 1938. 
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significant reduction in the rate of fixation occurs at PN.» 0°45 
atm. with a pH, 0-35 atm. As the proportion of H, is increased 
the rate drops rapidly, so that at pN, 0-05 atm. and pH, 0-75 atm. 
fixation is barely detectable (see Fig. 2, p. 230). 


60 2-00 


7(0°131) 
/ 


50 





~» 

= 40 1-00 

= 

> 

~ 

-. 30 0:50 

Q 

= 20 30 40 

4 20 Age in days 
Inoculated 





10 ---- Inoculated + (NH,), HPO, 


@®—@® Addition of (NH,),HPO, 





PH2 PNo 
0 O @0-0 08 atm. 
10 20 30 40 O 804 04 » 
Age in days 4 406 02,, 


Fic. 4.—Effect of pH, in atmosphere on assimilation of free and combined 
N((NH,),HPO,) by red clover. (Exp. 2, planted 6 July 1937; all in air until 
harvest I, 20 July, then changed to indicated atmospheres; harvest II, 
2 August ; harvest III, 9 August; harvest IV, 15 August.) 


The similarity in the results of the experiments on symbiotic N 
fixation to that due to Azotobacter suggests that the mechanisms are 
similar if not identical. In both cases the rate of reaction is inde- 
pendent of pN, till the latter is reduced to about 0-15 atm. and 

the Michaelis constants are of the same order. Both types of fixa- 
tion are inhibited by hydrogen and the inhibition is reversible and 
competitive. The K values for N, and Hy, respectively are o-o1 
and 0-08 for Azotobacter and 0-05 and 0-14 for the symbiotic (red 
clover) system ; that is, the ratio of the affinity of the N, and H, 
systems is 8 in the Azotobacter and 3 in red clover. 

Further light has been thrown on the mechanism by the use of 
the stable isotope N1°. It will be recalled that very early Wino- 
gradsky noticed that nitrogen fixation with Cl. pastorianum was 

inhibited by ammonium salts. When Azotobacter rapidly fixing 
N,, was given combined N in the form of 10 p.p.m. ammonium salt 
labelled with 32 atoms excess of N1°, samples withdrawn 1 minute 


1 Wilson, Umbreit and Lee, Biochem. F., 32, 2087 (1938). 
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after the addition already showed a detectable amount of N?° ir 
the cells; the uptake was linear for 20 minutes, after which th 
ammonium salt became exhausted. Analysis of the N?° in the cell: 
showed that the whole of the growth after the addition of th 
salt was due to the ammonium ion, i.e. that the cell had switchec 
over immediately and completely to ammonia utilisation. Thi: 
indicates that the machinery for ammonia utilisation exists ready 
for use in the cells fixing molecular nitrogen and the cells turn ove: 
from N fixation to NH, utilisation with no period of adaptation. 
When nitrate N 10 p.p.m. with 32 atom% excess N?° was usec 
instead of ammonium N, a considerable period of adaptatior 
occurred before nitrate N was taken up by the cell, the nitrate 
taken up in 30 minutes being equal to the ammonium N taken ut 
in 1 minute. ‘The most probable interpretation of these results i: 
that nitrate is not absorbed as such but is first reduced to am- 
monia. ‘This was proved as follows: to determine the relative 
utilisation of nitrate and ammonia N, ammonium nitrate wit 
only the ammonium ion enriched with N?° was supplied to cul- 
tures in an atmosphere of hydrogen which prevented N fixation. 
Inoculum was taken from a culture adapted to ammonium nitrate 
and the medium contained 100 p.p.m. each of NOj-nitrogen 
and NH{-nitrogen, the latter enriched with 32 atom% excess 
N**. Cultures were harvested at intervals and analysed as shown 
in Table 9. The last two columns in Table 9 were calculated 
from the atom% N?* excess in the cells and from the initial 28-90 
atom% of N° excess in the NHj-nitrogen and the O . OON?5 
excess in the NO;-nitrogen of the medium. Thus at 8 hours 


19°62 X 100 
ee = 67:9% of the cellular nitrogen was derived from 


NH jj and the remainder from NO;. Thus although the culture 
was adapted to NO; it used NH; preferentially ; as the NH} 
became exhausted both were used at about the same rate. The 
same experiment shows that NO; was reduced to NH¢t. At & 
hours the NH {-nitrogen used was 0-77 mg. and the NO;-nitro- 
gen disappeared was 2:31 mg., whereas the isotope data showed 
that two-thirds of the N assimilated came from NH}. Thie 
shows that the NH} of the medium was being added to by the 
reduction of nitrate, and is corroborated by the falling percentage 
of N1° in the NH? of the medium in the course of the experi- 
ment due to its dilution with NH? from reduction of nitrate 
(column 5). Furthermore, to attain the N! level in the cells 
observed at 8 hours, 1-98 mg. NH 4—nitrogen would be required. 
whereas only °°77 mg. was shown to have disappeared by the 
isotope analysis. This was calculated on the supposition that nc 
dilution had occurred, and indicated the percentage of cellula: 
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N arising from the original NH+ (with 28-9 atom% N15) but 
not from NHj{ derived from nitrate. Further experiments 
showed that both unadapted cultures and those adapted to 
nitrate used NHj{ in preference to NO;, and growth on the 
latter occurred only after 1-2 hours. These experiments are in 
favour of the view that NH, is the first stable intermediate formed 
in fixation by Azotobacter} 


TABLE 9 
UpTake OF AMMONIA AND NITRATE-N By Azotobacter vinelandii 


Atom ¥ Atom % % cell-N 
Total N N15 7 N15 7 NO,--N "from 
in cells excess i excess in in original 


in cells medium medium 





In order to get indications of the further route followed by the 
nitrogen fixed, a culture of A. vinelandii growing on nitrogen was 
given nitrogen enriched with N!* for go minutes. The cells were 
then harvested, hydrolysed and fractionated. The highest level of 
N** was found in the glutamic acid and the second highest in the 

aspartic acid fraction. ‘These findings indicate that the ammonia 
formed by fixation enters the cell via the 4- and 5-carbon dicar- 
boxylic acids. Confirmation of this was obtained by using ammon- 
ium salts enriched with N?° in place of nitrogen. The distribution 
f N° was again found almost exclusively in the glutamic and 
partic fractions; thus the hypothesis that N, and NH, enter 
e cell by the same route is supported.? 3 


he hydroxylamine hypothesis 


This scheme for the mechanism of nitrogen fixation by the 
: 
‘symbionts was put forward by Virtanen‘ and is expressed by the 
scheme 
N,—?—> NH,OH-,, 


A COOH . C(NOH).CH,. COOH — 
C,H,,0, > COOH .CO.CH,.COOH 


COOH . CHNH,.CH,. COOH 


The evidence adduced for this scheme is briefly as follows : 


1. Cultures of legumes in sterile sand with the appropriate 
Rhizobia on nitrogen-free medium excrete considerable amounts 


1 Burris & Wilson, 1946. 2 Burris, 1942. 3 Burris & Wilson, 1944. 
* Virtanen, 1938. 
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of nitrogenous products consisting almost entirely of 1-( + )aspartic 
acid and 8-alanine; in addition 1-2% of the excreted nitroger 
was found as the oxime of oxalacetic acid (COOH . C(NOH). 
CHT Ceri 

2. This was corroborated by the observation that hydroxyl 
amine condenses more easily with oxalacetic than with pyruvic 
acid and that seedlings can absorb the oxime of oxalacetic acid a’ 
low concentrations but do not absorb the oxime of pyruvic acid’ 


(Table 10). 
TABLE 10 


1 litre medium 1°3 kg. dry sand. 1 pea in each flask 
Period, 21 Feb.—30 March 


Oxime of oxalacetic 
supplied, mg. N 
Dry wt., g. 


0°370 
0°454 
0°603 
0°539 
0°396 
o'291 
07365 


Oxime of pyruvic acid 
supplied, mg. N 


0-361 
0°375 
0°337 
0354 
0°360 








3. Nodules detached from the root either whole or crushed fix 
nitrogen in the presence of oxalacetic, but not in its absence, not 
when it is replaced by glucose. This shows that the oxalacetic ig 
supplied by the plant and that fixation occurs in the nodules: 
The bacteria apart from the nodules, even in the presence of oxal- 
acetic acid, do not fix nitrogen. | 

50 g. of nodule was removed from the root and divided inte 
five lots of 10 g. and placed in five flasks with sterile sand anc 
nitrogen-free medium; 20 mg. of oxalacetic acid was added to 
two flasks ; the three other flasks served as controls, two at tho 
beginning and one at the end of the experiments (see Table II) 
When this fixation, 6~7 mg./10 g. nodule in 24 hours, is comparec 
with that occurring in the root nodule in the growing plant, it i: 
found to be of the same order. 









1 Virtanen & Laine, 1938 (2). 2 Ibid., 1939. 
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TABLE 11 
Control start (1) . : ‘ ; 3 - 69°9 
on a TaD ‘ , ; , - 69°71 
» after 24 hr. ‘ ; ; ; - For 
Exp. with oxalacetate after 24 hr. (1) : - 75°0 
” ” ” (2) < c 784 


Against this scheme must be set the following facts : 

1. Workers in other departments have failed to corroborate the 
large excretion of /(+) aspartic acid and 8-alanine.} 

2. ‘The oxalacetic acid found in leguminous plants first reported 
was some ten times too high, the new values found amounting to 
24-94 ug. oxalacetic acid per g. fresh weight of legume tissue, 
a-ketoglutaric acid being present in comparable amounts.? 

3. The fixation of nitrogen by excised nodules in the presence 
of oxalacetic acid has not been completely confirmed.* 

At present the balance of evidence is in favour of the fixation of 
nitrogen via ammonia, but until more is known about the mechan- 
ism the possible role of hydroxylamine cannot be excluded. The 
powerful tool provided by isotopic nitrogen is now available and 
we may look forward to a solution of the problem by its use. 

Meanwhile the curious connection between nitrogenase (the 
enzyme or enzymes catalysing the fixation process) and hydro- 
genase is interesting. The inhibition of fixation by hydrogen is 
true of both free and symbiotic fixation, and for fixation by 
Nostoc muscorum,* but the presence of hydrogenase, the only 

_ enzyme so far reported as activating molecular hydrogen, has been 
confirmed only in the case of Azotobacter ;° the reported presence 
of this enzyme either in nodule bacteria or in the nodules not 
having been substantiated. ® 

_ There seems to be some relation between hydrogenase and 

“nitrogenase. Nitrogen fixation in all three types is inhibited by 
carbon monoxide in low concentration (0-0001 to 0-0005 atm. in 
the case of red clover and ten times as high for Azotobacter) ; the 
inhibition is non-competitive.’ * The oxidation of hydrogen by 
oxygen is inhibited by cyanide and carbon monoxide ; this may 
of course merely be an effect on cytochrome oxidase,°® and it will 
be remembered that it has been shown that hydrogenase is an 
iron-containing enzyme.?° 

It has been shown that conditions which inhibit nitrogen fixa- 
tion with Azotobacter also decrease or inhibit hydrogenase activity ; 

such, for example, are the presence of low concentrations of NH,+ 

1 Burris & Wilson, 1945, from which see further references. 

* Virtanen et al., 1943. 4% Allison et al., 1942.  * Burris & Wilson, 1945. 

6 Wilson & Wilson, 1942. ® Wilsonetal.,1943(2). * Lind & Wilson, 1941. 


® Wilson & Lind, 1943. ® Wilson & Wilson, 1943. 
© Lee & Wilson, 1943. 
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in both adapted and unadapted cells and the presence of NO3~ 
in adapted cells. When nitrogen fixation is inhibited owing to 
growth in H, and O,, hydrogenase is also reduced. Sources of 
combined nitrogen which cause little or no inhibition of nitrogen 
fixation do not inhibit hydrogenase formation; the presence of 
hydrogen during growth, which might be expected to increase 
hydrogenase, actually inhibits it. It would, however, be rash at 
this stage to draw conclusions from the parallelism between the 
formation of hydrogenase and nitrogen-fixing power in view of the 
fact that hydrogenase has not been demonstrated in Rhizobia or in 
nodules.’ 

A striking discovery in connection with symbiotic nitrogen fixa- 
tion is that of the formation of a hemoglobin in the root nodules 
of legumes.? This has been extracted and purified to the extent 
of 40-50%, by crushing fresh nodules of the soya bean in saturated 
ammonium sulphate and azide in order to prevent the formation 
of quinonic substances and consequent darkening of the extract. 
Sodium hyposulphite was added to keep the iron of the pigment 
reduced. The preparation has two bands, « at 574 my and f at 
540 my. On reduction with sodium hyposulphite both bands 
disappear and are replaced by one band at 557 mu. This change 
can also occur without a reducing agent by warming the solution 
to 37° and evacuating on a water-pump; on admitting air the 
two-banded spectrum reappears. This shows that the two bands 
belong to an oxygenated and not to an oxidised pigment, and that 
the combination of the pigment with oxygen is reversible. On 
treating the oxygenated compound with carbon monoxide its two 
bands are replaced by two more diffuse bands at 564 my and 
538 mp; and treatment of the oxygenated compound with potas- 
sium ferricyanide leads to a change from red to brown and the 
two absorption bands are replaced by the absorption spectrum of 
methemoglobin. At 15° this hemoglobin is 50% dissociated at 
an oxygen pressure of o'r mm.; the relative affinity of the 
pigment for O, and CO at 15° as expressed by the equation 


» (HbCO} RO, )e 
K= (HbO,) (PCO) is about 37. 


Exactly what the function of this haemoglobin is in nitrogen 
fixation is unknown; it has been found in the actively fixing 
nodules of every legume so far examined and may account for the 
inhibition of fixation in legumes by very low pressures of CO. 
This hemoglobin seems to be the result of the joint action of the 
bacteria and the plant tissue, since neither alone contains any. 


1 Lee & Wilson, 1943. 2 Wil Burri 
2 KKellin & Won. Mee ilson, Burris & Coffee, 1943. 


CHAPTER IX 
AUTOTROPHIC BACTERIA 


THe NITRIFIERS 


Discovery of the biological origin of soil nitrification 

When, in 1862, Pasteur demonstrated that the oxidation of 
alcohol to acetic acid was the work of a micro-organism, the idea 
that the oxidation of ammonia to nitrate, which had long been 
known to occur in the soil, might have a similar origin suggested 
itself to him ; he himself, however, did not follow up the subject, 
and it was not until fifteen years later that its truth was demon- 
strated. 

In 1877 Schloesing and Muntz,! in a few very simple experi- 
ments, demonstrated quite conclusively the biological origin of 
the nitrification process. They used for this purpose a tube 
1 metre long, filled with sand and chalk previously sterilised by 
incineration ; sewage water was poured daily into the upper end 
of the tube. For twenty days the ammonia content of the efHuent 

remained constant and no nitrate could be detected; then sud- 
denly nitrate made its appearance and the ammonia content fell 
to nothing. The nitrification, once started, continued for four 
months. It then occurred to the investigators to try the effect 
of an antiseptic on the reaction and a current of chloroform was 
drawn through the tube ; after ten days the nitrate of the effluent 
‘had completely given place to ammonia. The fact that the liquid 
took eight days to traverse the length of the tube accounted for 
the lapse of time between the addition of the antiseptic and 
the complete disappearance of nitrate from the efHuent. In order 
to restore the nitrification some washings from garden soil were 
poured through the tube; nine days later nitrate reappeared in 
the effluent. The authors also showed that nitrification could be 
stopped by heating the tube to 100° and again restarted by the 
addition of soil washings. They also attempted to induce the 
oxidation of ammonia by the inoculation of various organisms 
characterised by their high oxidising powers on organic substrates 
(P. glaucum, A. niger, Mycoderma vini, Mycoderma aceti, etc.) ;* 
this met with no success. Finally, they established among the 
conditions favouring nitrification a slightly alkaline reaction and 
1 Schloesing & Muntz, 1877 (1), (2). 2 Ibid. 3 Tbid., 1878 
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a free access of oxygen; the appearance of nitrites in the effluent 
was also noted.? 


The isolation of the nitrifying organisms 

The work of Schloesing and Muntz made it almost certain 
that the oxidation of ammonia to nitrate in the soil was due to 
microbes. All that remained to clinch the matter was to isolate 
the organisms responsible and demonstrate their action apart 
from the soil. The recent introduction of ‘‘ solid media,” i.e. 
nutrient gelatin plates, had rendered comparatively easy the work 
of isolating pure strains of bacteria free from contaminating 
organisms, and seemed to give every promise that the active 
agents of soil nitrification would not long lie hidden. But, as 
often happens in the history of science, the last lap was unexpec- 
tedly difficult, and indeed took thirteen years to traverse. Many 
investigators experienced the same disappointment. Nitrification 
in soil suspensions was easily achieved ; the cultures were then 
plated on to gelatin plates, subcultures were made from individual 
colonies, and their nitrifying power tested on solutions containing 
ammonium salts. Negative results were invariably obtained ; 
some false hopes were indeed raised by the occasional appearance 
of nitrites in the culture media, but these were subsequently 
shown to have arisen through the reduction of nitrates, and to be 
no indication of the progress of nitrification. In 1879 Warington,? 
working at Rothamsted, noted the inhibiting effect of glucose on 
the production of nitrates by soil cultures, and the improved, but 
still uncertain, results obtained when the organic food consisted 
only of tartrates; he also observed the necessity for carbonates 
and the occasional replacement of nitrites for nitrates.* In fact, 
Warington had already to his hand all the data which, some ten 
years later, enabled Winogradsky to unravel the problem. 

The repeated failure of numerous investigators to regain from 
the surface of nutrient gelatin the nitrifying organisms which 
were undoubtedly present in the soil culture from which the 
plates were sown, at length convinced Winogradsky that the 
gelatin plate method which had proved so successful for the iso- 
lation of disease germs must be unsuited to the present purpose : 
‘““Chaque methode, quelque excellente qu’elle soit dans un cas, 
peut refuser le service dans un autre.’’4 

His own work on the sulphur and iron bacteria also suggested. 
to him the possibility that organisms adapted to utilise the energy 
liberated by the oxidation of ammonia might be ill-adapted to 
form colonies on nutrient gelatin, and so elude the pursuit of 

1 Schloesin 2 i 
3 Thid., EVERETT TS the a Wiehe ae. 


—— 
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bacteriologists employing this medium. He therefore tried a 
simple medium consisting of potassium phosphate, magnesium 
sulphate, potassium carbonate, ammonium chloride with o1% 
potassium tartrate as the sole source of carbon. Actively nitrify- 
ing soil was sown into this solution, but the result showed hardly 
any nitrification. Each item of the medium was then omitted in 
turn, with no result, until finally the organic matter was left out. 
The result was immediate and intense nitrification. The nitrj- 
fying organisms having thus been obtained apart from the soil, 
their isolation in pure culture was the next step. Gelatin proved 
to be useless, since nothing that would nitrify would grow on 
gelatin. Finally, by repeated subcultures into inorganic media, 
a culture was obtained which gave no growth on nutrient gelatin 


and which, for the time being, was thought to be pure. Sub- 


sequently Winogradsky employed a solid medium in which the 
appropriate salts in solution were solidified by silicic acid. On 
this so-called “ silica jelly’? (Medium III) colonies of nitrifying 
organisms alone developed, and could easily be obtained free from 
other bacteria. ; 


The chemical processes of nitrification 

The next stage in the problem was to elucidate the steps by 
which the ammonia was oxidised to nitrate. Schloesing and 
Muntz and also Warington had observed that nitrification often 
took place in two stages, i.e. (1) ammonia to nitrite, (2) nitrite to 
nitrate, whilst sometimes it appeared to occur in one stage. Mean- 
while it had been suggested by Duclaux that two separate organ- 
isms might be severally responsible for the two reactions. 

Winogradsky started investigations on numerous samples of 
soil from different parts of the world, using a medium (No. I) 
containing the usual salts with o-2°% ammonium sulphate and no 
organic carbon. 

He followed the disappearance of ammonia by means of 
Nessler’s reagent, the appearance of nitrite by the starch iodide 
test, and the appearance of nitrate by the m-phenylene diamine 
test subsequent to the removal of nitrite.2_ The result of a typical 
experiment is given in Table 1. 

From a number of results closely resembling the one quoted, 
it was shown that the oxidation of ammonia to nitrite always 
preceded that of nitrite to nitrate, and that as a rule the latter 
did not begin whilst any ammonia remained unoxidised. On 
repeated subcultivation, the power of the daughter cultures to 
effect the oxidation of nitrite to nitrate was found to fall off and 
finally disappear. Such cultures never regained the lost power, 


1 Winogradsky, 1891 (1), (2). 2 Ibid. (2). 


244 AUTOTROPHIC BACTERIA 
TABLE 1 


Presence of 


Nitrite Nitrate 





even when subcultivated on to silica jelly or reinoculated with 
sterile earth. Winogradsky attributed this loss to subcultivation 
in media in which nitrites were for a time absent, and showed that 
no loss took place if the media used (like the soil) contained nitrites 
from the beginning. From these results Winogradsky was con- 
vinced that two organisms were concerned in nitrification: by 
repeated subcultivation into media containing (1) ammonia but 
no nitrite, (2) nitrite but no ammonia, and subsequent plating 
on to silica jelly, two types of organisms could be separated from 
every nitrifying soil, the one effecting the oxidation of ammonia, 
the other that of nitrite. 

Though these differed morphologically according to the part of 
the world from which they came, all were alike in their chemical 
behaviour and in requiring the same conditions, viz. the presence 
of an ammonium salt or nitrite to oxidise, strongly aerobic condi-. 
tions, and the presence of carbonate—with the usual salts—in the: 
medium. 

The task of obtaining the nitrifiers in pure culture has presented! 
difficulties to many workers ever since the early work of Wino-. 
gradsky. ‘The technique has been reinvestigated by Kingma- 
Boltjes,? and his work should be studied by anyone attempting 
the problem. He showed the necessity for calcium in the de- 
velopment of Nitrosomonas in a minimum concentration of rf 
mg./l. and confirmed the observation of Fred and Davenport! 
that “ Nahrstoff-Heyden”’ (egg albumin submitted to a short- 


term acid hydrolysis) in amounts up to 0-75 % assists the growth 
of both types of nitrifier. 


Energy relations 


The chemical behaviour of this group of bacteria is peculiarly 
interesting from the point of view of metabolism. It was originally 
shown by Winogradsky,* and later confirmed by Meyerhof® anc 

1 Winogradsky, 1890. * Kingma-Boltjes, 1935. | 


3 Fred & Davenport, 1921. 4 Wi cit 
5 Meyerhof, 1916 (1). inogradsky, 1890. 
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many others, that these organisms are able to develop in media 
from which all trace of organic compounds has been rigorously 
excluded. The energy necessary for synthesis must, therefore, be 
obtained exclusively from the oxidation of ammonia or of nitrite ; 
thus the nitrite producer (Nitrosomonas) utilises the energy liberated 
in the reaction 


NH; + 30 = HNO, + H,O + 79,000 cals. 
whilst the nitrate producer (Nitrobacter) depends on the reaction 
HNO, + O = HNO, + 21,600 cals. 


Winogradsky determined the ratio of nitrogen oxidised to 
carbon entering into synthesis in the two cases and obtained the 


result x= 35 for Nitrosomonas, 135 for Nitrobacter. Later, 
Meyerhof, working in more favourable conditions, obtained the 
value Bes 1o1 for Nitrobacter. As would be expected, the values 


C 


obtained for these ratios are roughly inversely proportional to the 
amount of heat liberated by the oxidation of 1 g. of nitrogen in 
the two cases: 
<a 6 21,600 _ ae 
ror. ot 79,000 tt 
From these ratios the energy efficiency can be calculated and 





_ compared with that of organisms employing organic compounds 


as sources of energy. The heat of combustion of Nitrobacter cells 
has not been determined, and in the absence of this figure the 
ratio: heat of combustion of cells/heat lost by the medium in 
the production of the cells, can only be approximate. The amount 
of carbon synthesised, however, having been determined, this was 
assumed for purposes of calculation to possess the same heat of 


_ combustion as in glucose, i.e. 113,000 cals. per g. atom. 


From these experimental data Meyerhof found that the oxidation 
of 1 g. mol. of KNO, results in the assimilation of —_—*— 
g. atoms of carbon, of which the heat of combustion 

__ 14 X 113,000 
ey bee 
but since 1 g. mol. of KNO,, on oxidation to KNOs, liberates 
21,600 cals., the total energy efficiency of the process 
a g80 X 100 % = 453% 
21,600 


= 980 cals, 
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Baas-Becking and Parks! have calculated the relation from the 
standpoint of free energy instead of from heats of combustion : 
NH,t +. 140, = NO,- -+ H,O -t- 2Ht+ ee) 

+ AF .54 = 06,500 cals: 
NOz + 40, — NO; 
— AF 9, = 17,500 cals. 

The changes are calculated from concentrations of ammonium 
and nitrite shown by Meyerhof to be optimal for the organisms, 
viz. 

(NH,*) = 0-005 M, H+ = 10-8, (NO,-) = 3:03 M 

The reduction of 1 g. mol. CO, to glucose requires 118,000 cals. 

free energy ; for Nitrobacter the free energy efficiency 
_ 14x 118,000 X 100 _ 7-89, 
I2 X IOI X 17,500 


I4 X 118,000 X 100 


For Nitrosomonas = 
I2 X 35 X 66,500 


=5°9% 

From these figures one would expect about 95% of the energy 
liberated by the oxidation of nitrate to appear as heat. Meyerhof 
obtained figures for Nitrobacter roughly in accordance with this 
expectation. (Table 2.) 


TABLE 2 
Heat EVOLVED FROM THE OXIDATION OF NITRITE 










B y 
Measured in calorimeter, | Calculated from nitrate fer Aad BE 


g. cals. found, g. cals. B 
I 31°6 32°4 2:5 
2 30°0 31°8 6:0 
3 29°1 29'8 2°5 
4 23°5 25°5 9°90 


Conditions affecting nitrification 


Certain of the conditions governing the growth of the nitrifying 
bacteria were noted by Winogradsky and his school—such, for 
example, as the necessity for carbonates of calctum or magnesium, 
the inhibitive effect of many organic compounds and of ammonium 
salts. ‘he subject was later amplified by Meyerhof in a detailed 
study of both types of bacteria.2 He considered that the action 
of carbonates was due to their buffering effect, and demonstrated 
their necessity by showing the extreme sensitiveness of the 
organisms to hydrogen-ion concentration. This is apparent from 


 Bass-Becking & Parks, 1927. * Meyerhof, 1916 (1), (2), and 1917. 
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his experimental curves (Figs. 1 and 2), in which rate of oxidation 
is plotted against pH. 

The optimum pH for the oxidation of ammonia lies between 
8-5 and 8-8, that for nitrite oxidation between 8-3 and 9:3. The 


"Oo 


Rate of Oxidation of Ammonia 





0 
74 76 78 80 82 84 86 88 9:0 9:2 9:4 96 
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Fic. 1.—Rate of oxidation of ammonia by Nitrosomonas' 


pH of a o-2 molar solution of sodium bicarbonate is 9:15; the 
simultaneous presence of sodium carbonate and free access of 
carbon dioxide is seen therefore to provide the conditions best 
suited to maintain the reaction most favourable to the development 
of these bacteria. It is important from the standpoint of soil 
economy to note that organisms isolated from peat soils (pH 4-6) 
display a greater tolerance for acid, nitrification continuing as 
low as pH 4:1.? mn 
The high optimum alkalinity and the rapid falling off in activity 


1 Meyerhof, Pfliigers Arch., 1917, 166, 255. 
2 Meek & Lipman, 1922. 
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on both sides of this suggest that secondary inhibitory effects are 
becoming operative both on the acid and alkaline sides. Probably, 
as Meyerhof suggested, the rapid drop on the alkaline side is due 
to the penetration of the cell by free ammonia. This is supported 
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Fic. 2.—Rate of oxidation of nitrite by Nitrobacter! 


by the form of the curve obtained when the rate of oxidation 
of ammonia is plotted against concentration of ammonium salts 
(Fig. 3); this shows a rapid drop in rate of oxidation after the 
comparatively low optimum concentration of ammonium salts 
has been reached. 

It was shown both by Warington and by Winogradsky and 
confirmed by Meyerhof that the oxidation of nitrite also is un- 
favourably affected by ammonium salts ; that this also is an effect 
of free ammonia is suggested by the fact that a given concentration 
of ammonium salt has a more powerful inhibitory action at a 
high pH than at a low one. This is made clear by the following 
figures obtained by Meyerhof (Table 3). 


* Meyerhof, Pfliigers Arch., 1916, 164, 416. 
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Fic. 3.—Rate of oxidation of ammonia by Nitrosomonas! 
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TABLE 3 
ErrecT OF AMMONIUM SALTS ON THE OXIDATION OF NITRITE 


Concentration of Inhibition of the 
4)grO, oxidation of nitrite 


8% 
55% 


30% 





The curve obtained by Meyerhof showing the influence of 
nitrite concentration on the production of nitrate (Fig. 4) is similar 
in character to that showing the effect of ammonium salts on 
nitrite production. The form of this curve also may be explained 
by the consideration that nitrite acts as a cell poison, possibly by 
reacting with the free amino groups of the cell proteins. 

The peculiar behaviour of nitrifying bacteria towards carbon 
compounds has already been referred to. Winogradsky and 
Omeliansky* showed that not only were these bacteria able to 
develop in media from which organic compounds were rigidly 


1 Meyerhof, Pfliigers Arch., 1917, 166, 245. 
* Winogradsky & Omeliansky, 1899. 
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excluded, but that many organic compounds actually exert an 


inhibitory effect on the oxidation. 


They further showed that 


this inhibition is due to the non-development of the bacteria 
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Fic. 4.—Effect of concentration of NaNO, on rate of oxidation of nitrite 


to nitrate! 


inoculated, the cultures, after a period of incubation, being com- 
pletely, sterile. Table 4, compiled by Meyerhof from the figures 


TABLE 4? 


EFFECT OF SOME ORGANIC COMPOUNDS ON THE GROWTH OF AND OXIDATION 
By Nitrobacter 


Concentra- 


Effect on oxidation 


Not affected 
10% inhibition 


25-30% inhibition | 
10-20% inhibition | 


| 
No inhibition | 


Concentra- Effect on 
Compound tion growth 
Glucose - | o-0025 M. | Delayed 
oor5 M. Completely 
F inhibited 
Asparagine . | 0-003 M. Delayed 
o-o5 M. Completely 
inhibited 
Urea . Pee aoe eb Delayed 
o73 M. Completely 


inhibited 


32% inhibition 





of Winogradsky and Omeliansky, illustrates the effect of some 
carbon compounds on (a) growth, (b) oxidation by cells already, 


formed. 


The toxicity of glucose is less in the presence of sand or 


soil than in liquid media. Thus oxidation by Nitrobacter was 
accelerated by glucose in concentrations up to 0:2%, above 


+ Meyerhof, Pfliigers Arch., 1916, 164, 390. 


2 Ibid., 1916. 
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which inhibition occurred.!_ With Nitrosomonas 0-02 % of glucose 
acts beneficially in sand culture, whilst in liquid culture the same 
concentration is partially inhibitive. 

More recently Kingma-Boltjes? showed that pure cultures of 
both types of nitrifier develop larger colonies if o-7% “* Nahrstoff- 
Heyden” is added to the inorganic medium. This preparation 
appears to be an incomplete acid digest of egg albumin. In 
liquid medium it also acts favourably but does not replace any 
constituent of the inorganic medium, the organisms continuing 
their autotrophic mode of life. In fact the only evidence that the 
substance is used by the organism is that the colonies are larger 
in its presence than its absence and the possibility is not excluded 
that its action is physical rather than chemical. Various peptones 
and also glycine exert a definitely toxic effect both on growth and 
respiration, toxicity being roughly proportional to the amino 
groups. ‘The same investigator showed that the respiration of 
both nitrifiers had a much higher tolerance for glucose than was 
found by Winogradsky and Meyerhof, only slight inhibition being 
caused by 4:0% glucose. Growth of both nitrifiers also occurred 
in media containing the same high concentration of sugar, which 
itself was not attacked. 

The nitrifying organisms in common with many other auto- 
trophic bacteria display a strict specificity towards the material 
which they oxidise ; thus not only is Nitrobacter inactive towards 
ammonia and Nitrosomonas towards nitrite, but neither is able to 
utilise sulphite or phosphite or any carbon compound as source 
of energy. 

Winogradsky has attached much importance to the view that 
inability to multiply in organic media is a necessary corollary to 
4 autotrophic nature of these nitrifying organisms, and has 
Teiterated that failure to reproduce when subcultivated into meat 
broth is to be regarded as an essential criterion of the purity 
of the culture of both types of nitrifiers. This view has been 
challenged more than once. Burri and Stutzer,* for example, 
reported that they had isolated by means of silica jelly a soil 
organism resembling Nitrobacter, but able to develop in broth, 
though on this medium it rapidly lost its nitrifying power, which 
it failed to regain when subcultivated back into nitrite media. 
Winogradsky* immediately sent for the culture and was able to 
demonstrate by using nitrite medium with agar instead of with 
silica jelly that three contaminating heterotrophic organisms were 
present along with the true Nitrobacter and that these grew when 
subcultivated into broth, though when returned to nitrite media 


1 Coleman, 1908. * Kingma-Boltjes, 1935. 
% Burri & Stutzer, 1895. 4 Winogradsky, 1896. 
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they naturally failed to oxidise it. Much later Beijerinck’ mac 
a report similar to that of Burri and Stutzer ; this, owing to tk 
condition of Europe at the time of publication, failed to attra 
Winogradsky’s attention until 1922," when he expressed th 
opinion that the organism was not in pure culture. aa 

Sack® reported the isolation from soil of an ammonia oxidis: 
which he could grow either autotrophically or in broth or peptone 
in both conditions it oxidised ammonia, though not nitrite 
Anaerobically it reduced nitrate to nitrite, but did not furthe 
attack nitrite. Glucose, fructose, sucrose, maltose and asparagin 
could serve as sources of carbon, and ammonia could be oxidise 
as well in their presence as in their absence. He also describe 
four strains of Nitrobacter, one of which oxidised ammonia as we 
as nitrite; the oxidations were inhibited by organic compound 
Proteins were decomposed with production of ammonia an 
anaerobically nitrate was reduced to nitrite. 

The subject has again been brought under review by Winc 
gradsky* himself and by Kingma-Boltjes.*> Numerous instance 
reported in the literature of nitrification occurring in organism 
growing heterotrophically have been examined, and serious objec 
tions to the technique employed have been made in every cas 
Certain common sources of error have been pointed out ; thes 
are as follows. Heterotrophic contaminants continue to gro\ 
alongside the autotrophic nitrifiers even after repeated subculture 
in inorganic medium ; Hyphomicrobium vulgare (Stutzer) is a cas 
in point. Such organisms frequently form colonies on silic 
jelly which may be mixed with autotrophants (especially Nitro 
somonas). On subcultivating such a mixed colony into brot! 
media the heterotrophant grows and produces ammonia. If th 
concentration of amino-acids be not too high the autotrophan 
may also grow weakly and produce nitrite which is attributed t 
the heterotrophant. Alternatively nitrite may appear in medi 
due to gas fumes and give a weak reaction with the Griess-Ilosva: 
reagent which is falsely attributed to nitrification. The Griess 
Ilosvay reagent gives a positive colour test with o-1 ug. nitrite 
N/ml. Vigorously nitriting cultures produce 0:2 mg. (200 ug. 
nitrite-N/ml. in four days and less than one-tenth that amoun 
should be disregarded. Also nitrite and nitrate formed as a result o 
nitrification must correspond with the ammonia and nitrite re 
spectively which disappear. It must also be remembered tha 
ammonia disappears spontaneously at 30° from solutions wit! 


magnesium carbonate owing to high pH (9:1) and this must by 
duly checked. 


! Beijerinck, IQI4. 2 Winopradsky, 1922 : 
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The subject of the toxicity of organic compounds for Nitrobacter 
has also been studied by Fred and Davenport.! It was shown 
that of various organic media meat broth was the most definitely 
toxic, but that when diluted to half its normal strength it was 
practically non-toxic. The toxic material was non-volatile, and 
could be extracted by alcohol or ether, and the residue was then 
non-toxic; 1% solutions of gelatin, peptone, casein, milk and 
yeast water were non-toxic, i.e. the organisms could be sub- 
cultivated after two to six weeks ; 0-1°%, concentrations of peptone, 
skimmed milk, beef extract and beef infusion, when added to 
a nitrite medium, favoured growth; on the other hand, the same 
concentrations of gelatin, urea and asparagine retarded it. 

The influences inhibiting oxidations by the nitrifying organ- 
isms have received an extended study by Meyerhof with a view to 
comparing this form of “ respiration” with that of the oxidation 
of organic compounds by atmospheric oxygen. Inhibition of 
Nitrobacter by narcotics (e.g. the substituted urethanes and amyl 
alcohol) differs from that of tissues, red blood cells, liver, etc., 
previously studied, in that the inhibition in the latter case is 
approximately proportional to the concentration of the narcotic, 
whilst in the case of Nitrobacter the amount of inhibition is propor- 
tionately greater as the concentration rises. For example, 42 milli- 
mol. isobutylurethane inhibited nitrate production by 10%, 84 

millimol. by 96%; thus when inhibition (ordinates) is plotted 
against concentration of narcotic (abscissa) the curve is convex in 
respect of the base. Furthermore, when the inhibition of two 
narcotics was determined separately and afterwards together, the 
effect produced was more than the sum of each separately. For 
ample, 42 millimol. isobutylurethane caused an inhibition of 
mitrate production amounting to 10% ; that of 100 millimol. 
‘propslurthane 23% ; the two together an inhibition of 100%. 
When inhibition by cyanide and narcotics was combined, the 
total inhibition was less than by either separately. For example, 
5 x 10~-® M. KCN caused an inhibition of 69%, 42 x 107% M. 
isobutylurethane an inhibition of 5%; the combined effects 
amounted to an inhibition of 73%. In low concentrations of 
narcotic the combined effects of narcotic and cyanide were lower 
than that of cyanide alone. Thus 4 x 10-® M. KCN gave an 
inhibition of 56%; 42 x 10-* M. isobutylurethane gave an 
inhibition of 8°%,; the combined inhibition amounted to 40%. 
Finally, in low concentrations of cyanide and high concentrations 
of narcotic the inhibition of the two was found to be equal to but 
not less than that of the narcotic alone. Thus 2 x 10-* M. KCN 
gave an inhibition of 32%, 63 x 10~* M. isobutylurethane gave 
1 Fred & Davenport, 1921. 
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an inhibition of 69%; the two together gave an inhibition « 
69%. These results harmonise with the view that the narcotic 
tend to displace the cyanide from the cell surfaces.* 

Further observations led Meyerhof to the conclusion thi 
many of the remarkable properties of the nitrifying organism 
were to be ascribed to their very high permeability by lipoid 
soluble substances. Thus the lipoid-soluble CO, is assimilatec 
whilst the lipoid-insoluble carbonate is not. Lipoid-solub! 
ammonia is an inhibitor of oxidation, whilst the Jipoid-insolub! 
ammonium salts are comparatively inactive. Furthermore, onl 
those amines which are lipoid-soluble resembled ammonia 1 
their inhibitive action. Among many inorganic anions borate 
were found to be the most strongly inhibitive in agreement wit 
the lipoid-solubility of boric acid. Finally, the lipoid-soluble mer 
curic chloride was found to be more strongly inhibitory than th 
lipoid-insoluble mercuric nitrate. 


The intermediate metabolism of the nitrifiers 

The mechanism by which the energy derived from the oxida 
tion of ammonia or nitrite is employed in the reduction of carbo: 
dioxide is obscure. Klein and Svolba? claim to have shown tha 
formaldehyde is an intermediate product in the reduction process 
an observation which was held to bring nitrifying organisms int 


relation with the green plant. It was calculated from the é rati 
of 35 for Nitrosomonas that if all the carbon assimilated passec 
through the stage of formaldehyde, 19:5 mg. of the latter wouk 
be formed during the oxidation of 2 g. of ammonium sulphate 
By the use of sulphite and of dimedon as fixatives it was demon: 
strated that formaldehyde was actually formed, about half th 
amount theoretically possible being actually obtained in the mos 
favourable experiments. This is seen in Table s. 
TABLE 5% 
ee CY 


Age of culture 


Nitrite culture, when fixative Fixing material Duration of Formaldehyde 
C.c. was added, action, fixed, 
ays days Ing 
100 6 K.SOsz3, 5% 7 2 
100 13 K,SO,, 1% 9 5 
100 13 K,50,, 2% 9 4 
100 10 Dimedon, 1% 12 7 


The same authors claim to have obtained acetaldehyde as wel! 
as formaldehyde by the fixation method. This they regarded as 


* Meyerhof, 1916 (2). 2 Klein & Svolba, 1926. 3 Tbid. 
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evidence of the existence of a breakdown as well as a synthesis 
of carbohydrate. The addition of phenylurethane o-1% and of 
cyanide 0-02°%, was found to suppress the formation of formalde- 
hyde (assimilation process) but to leave the acetaldehyde (regarded 
as representing the respiration or degradation process) untouched. 
Both formaldehyde and acetaldehyde, added as the dimedon com- 
pounds, disappeared when added to the culture fluid. 

With regard to the actual process of oxidation, no experimental 
data exist. Kluyver and Donker? have suggested that hydroxyl- 
amine and hyponitrous acid may be intermediate products, but 
this view is as yet unsupported by experimental evidence. 


THE OXIDATION OF SULPHUR 


Bacteria which live autotrophically by the oxidation of elemen- 
tary sulphur and of incompletely oxidised sulphur compounds are 
very widely distributed and comprise several groups which are 
sharply distinguished in their metabolic habits. They include, 
besides, a number of morphological species, but biochemically 

_ they fall into five classes. The first is characterised by the intra- 
cellular oxidation of hydrogen sulphide to sulphur which is 
_ deposited in the form of refractive granules inside the cells ; on 
the supply of hydrogen sulphide falling off the sulphur granules 
disappear, being in their turn oxidised to sulphate. The second 
group differs from the first in its ability to oxidise not only hydro- 
gen sulphide but also thiosulphate and tetrathionate ; the sulphur 
is deposited outside the cell. The third group effects the oxidation 
of sulphur by means of nitrate, elementary nitrogen being liberated. 
The fourth group oxidises sulphur and thiosulphate direct to sul- 
hate with no deposit of elementary sulphur ; it is characterised 
by high acid tolerance and low optimum pH. ‘The fifth group 
resembles the fourth in mode of oxidising sulphur but has a high 
pH optimum and lower acid tolerance ; it is facultatively hetero- 
trophic. The sixth group does not fall into the category of auto- 
trophic organisms ; thiosulphate is oxidised to tetrathionate, but 
carbon dioxide is not simultaneously assimilated and the organisms 
are obligatorily heterotrophic; they form a link between auto- 
trophants and heterotrophants. 


Group I. Organisms depositing intracellular sulphur 
Members of this class were originally discovered in thermal 
springs containing hydrogen sulphide, and later in stagnant water, 
‘both salt and fresh, in which hydrogen sulphide was produced by 
“putrefactive bacteria. The first step in the elucidation of their 


1 Kluyver & Donker, 1926. 
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metabolism was the observation made by Cramer’—and later 
confirmed by Cohn?—that the refractive granules contained in 
Beggiatoa could be extracted by carbon bisulphide or by absolute 
alcohol, and consisted of elementary sulphur. Cohn rightly sur- 
mised that the deposition of sulphur in the bacterial cell was 
the result of the partial oxidation of the hydrogen sulphide. He 
and his contemporaries erroneously believed, however, that the 
hydrogen sulphide was produced by the same organisms as were 
concerned in its oxidation. The main outlines of the physiology 
of this group were disclosed by the work of Winogradsky ;% 
using the type Beggiatoa he showed by cultivation in the moist 
chamber of the microscope that, in the presence of hydrogen 
sulphide and air, intracellular granules of sulphur were deposited, 
but that when the supply of hydrogen sulphide fell off the sulphur 
disappeared and sulphate appeared in the culture fluid; after 
the disappearance of the intracellular sulphur the organisms 
died off. He also demonstrated that Beggiatoa was not the agent 
concerned in the production of hydrogen sulphide from sulphate 
by showing that the disappearance of the sulphur granules took 
place as readily in culture fluids supplied with sulphate as in its 
absence. Winogradsky did not prove conclusively that Beggiatoa 
depended solely on the oxidation of hydrogen sulphide for its 
energy requirements. He showed, however, that the organism 
developed best when organic material was at a minimum, and 
that carbon dioxide or carbonate was essential for growth. The 
absence of complete proof of the autotrophic character of Beggiatoa 
was due to the fact that Winogradsky never succeeded in obtaining 
the organism in pure culture. This was later achieved by Keil,4 
who, working with Beggiatoa and Thiothrix, proved that develop- 
ment took place in the complete absence of organic carbon com- 
pounds. It seems, therefore, that the bacteria of this group 
depend for their energy requirements on the oxidation of hydrogen 
sulphide : : 
H.S +30, =H,0 +S + 32,500 cals. 
— AF 'x9g = 41,500 cals. 
On the supply of hydrogen sulphide falling off, oxidation of intra- 
cellular sulphur occurs: 
S +130, + H,O = H,SO, + 141,800 cals. 
— AF,,, = 118,500 cals.§ 


Group II. Organisms oxidising sulphur compounds with extra- 
cellular deposition of sulphur 
The existence of the second group of sulphur bacteria was 


1 See Miiller, 1870 2 Cohn, 187 3 Wi 
} ; : <7 Winogradsky, 1887. 
* Keil, 1912. ® Baas-Becking & Parks, ES Tees 
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discovered by Nathansohn' during an attempt to obtain Beggiatoa 
in pure culture. He found his organism in sea water to which 
potassium sulphide had been added, and isolated it in pure culture 
from agar plates made from the same medium ; it was subsequently 
known as Thiobacillus thioparus. The culture was characterised 
by a deposition of sulphur outside the cell, whereas intracellular 
sulphur was never observed. It developed freely in sea water 
containing o-1-1-0%, of sodium thiosulphate or in synthetic 
medium made slightly alkaline with magnesium carbonate. 
Nathansohn showed that his bacterium developed in the complete 
absence of organic food material, which did not, however, appear 
to hinder development. Like the nitrifiers, Thiobacillus thioparus 
was shown to depend on carbon dioxide for its carbon supply, 


_ no development taking place, either in the presence or absence of 


organic compounds, in media from which both carbonates and 
free carbon dioxide were excluded. 

Since the deposition of sulphur by this organism was found 
to occur outside the cell, Nathansohn experienced a difficulty in 
explaining how the eneggy liberated could be used for the intra- 
cellular reduction of carbon dioxide on which the organism 
appeared to depend for its growth. He therefore undertook 
quantitative studies on the action of the bacillus on sodium thio- 
sulphate which might disclose the occurrence of intermediate 
stages in the oxidation. A 2% solution of sodium thiosulphate 
containing an actively growing culture was left until the thio- 
sulphate had nearly disappeared. ‘Three estimations were then 
made: (1) the sulphate in the solution (A); (2) the unused 
thiosulphate in terms of sulphate (B). ‘The filtrate from (A) was 
then completely oxidised with bromine water; any unoxidised 
compounds of sulphur (including (B)) were thus obtained as 
sulphate (C). It was found in every case that (C) largely exceeded 
(B). Nathansohn deduced from this that there must be present 
some soluble compound of sulphur due to the partial oxidation 
of the thiosulphate. The figures actually obtained pointed to the 
conclusion that the oxidation of the thiosulphate proceeded 
through the stage of tetrathionate : 

pelea 
3Na,S,0; + 50 = SK + 2Na,SO, 
SO,Na 
— AF’.5_ =:260,000 cals.* 


Such a reaction carried to completion would result in the ratio 





+ ee 
eS Be. the figures actually obtained were 33% Which is 
C-B 66:8 
1 Nathansohn, 1902. 2 Baas-Becking & Parks, 1927. 
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in close agreement with the supposition that tetrathionate is the 
intermediate compound formed. 

Subsequent work showed that Nathansohn’s bacillus was 
a member of a widely distributed group found in water, mud 
and soil. Beijerinck! obtained from fresh (canal) water, using 
a synthetic medium, a bacillus which he called Thiobacillus 
thioparus,* able to oxidise calcium and hydrogen sulphide, thio- 
sulphate and tetrathionate, with the deposition of sulphur outside 
the cell and the production of sulphate. Nitrogen could be 
supplied either by ammonium salts or by nitrate, and carbon 
dioxide (or bicarbonate) was essential as a source of carbon. 
Identical or closely related organisms are widely distributed. 
Jacobsen® isolated them from mud, sewage and sea water, 
Starkey from agricultural soil, and other observers from waters 
and soils of widely differing localities. Starkey® showed that 
Thiobacillus thioparus oxidises thiosulphate to sulphate, but he 
found no intermediate formation of polythionates; he suggested 
that their appearance in Nathansohn’s experiments may have 
been due to contaminants of the type of Trautwein’s bacillus 
(see below). During the course of the oxidation the thiosulphate 
disappearing was accounted for as sulphur and sulphate, the ratio 
of elementary and sulphate sulphur remaining approximately 
constant (2/3) throughout the experiment, whilst the medium 
became progressively acid, reaching in one case pH 4-4. The 
following equation accounts for the facts observed : 
5Na,S.0, + H,O + 40, = 5Na,SO, + H,SO, + 4S 

+ 500,300 cals. 

Sulphur was oxidised by this organism to sulphate, but the oxida- 
tion was slow in comparison with the oxidation of thiosulphate: 
and hence does not seriously invalidate the above equation. 

The strictly autotrophic nature of this organism, which never-. 


theless can develop in the presence of organic food material, was. 
confirmed by Starkey. 







Group III. Organisms oxidising sulphur and sulphur compounds by 
means of nitrate 


Beijerinck isolated an organism (Thiobacillus denitrificans) 
capable of effecting denitrification at the expense of the energy 
produced by sulphur oxidation: 


— AF 29, = 660,000 g. cals. (approx.)é 
: Beijerinck, 1904. 
The name was first given to Beijerinck’s bacillus, th i 
the group was due to Nathansohn. Syn oe en 


* Jacobsen, 1912 and 1914. 4 Starkey, 1 , sors 
6 Baas-Becking & Parks, 1927. Y 935 (1) Ibid. (2). 
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This bacillus was cultivated on a synthetic medium (No. VI) 
at 30°. Lieske,’ using medium No. VII, isolated from pond 
mud a similar organism which oxidises thiosulphate according to 
the equation 
5Na,S,0, + 8KNO, + 2NaHCO, 

— 6Na,SO, + 4K,SO, + 4N, + 2CO, + HO 
— AF 453 = 893,000 cals.” 

This organism fixed 1 g. of carbon per 100 g. of sodium thio- 

sulphate decomposed ; hence 


79° g. Na.S,O, liberates 893,000 cals. 
1 g. Na,S,O, liberates 1130 cals. 
6CO, a 6H,O = C,H,,.0, + 60, 


(3 x 10-4 atm.) (0-2 atm.) 
— AF = 708,900 cals. 
08,900 


Hence 1 g. carbon requires 7 = 9846 cals. for fixation, 


| 74 
which is supplied by the oxidation of 100 g. of sodium thiosulphate 
_ liberating 1130 x 100 cals. Hence the free energy efficiency of 
the organism 
__ 9846 x 100 


0/ — Q.m0 
p7301s¢ 100° 87% 


Group IV. Very acid-resistant organisms oxidising sulphur and 
sulphur compounds direct to sulphate 
This group was discovered by Waksman and Joffe® in soils 
containing free sulphur and rock phosphate. The bacterium, 
known as Thiobacillus thio-oxidans, was isolated by repeated 
ansfer into liquid media (No. VIII) containing powdered sulphur 
and having an acid reaction ; its metabolism was closely studied 
by its discoverers and also by Starkey.4.5 In common with other 
Sulphur bacteria, Thiobacillus thio-oxidans was found to be strictly 
aerobic, depending solely on sulphur oxidations for its energy 
requirements. Sulphur or thiosulphate was oxidised directly to 
sulphate with no deposition of sulphur or polythionates. 
S + 140, + H,O = H,SO, + 141,800 cals. 
Na,S,O0, + 20, + H,O = Na,SO, + H,SO, + 211,100 cals. 
The mechanism by which solid particles of sulphur gain access 
to the cell has been elucidated with this organism, ® which contains 
an oily drop at each end of the cell. The cell moves around in the 
medium until it strikes a sulphur particle which adheres to the 
droplet in which it dissolves. Dried cells extracted with acetone 
BRELS ; ‘ 
GN 8 Siakaman & Beackoy, roa 
® Umbreit, Vogel & Vogler, 1942. 
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followed by ether are found to contain g-10% of unsaturated oil 
(iodine number 212), which appears to correspond with these 
lets. 
ae organism is strictly autotrophic, carbon dioxide forming 
the sole source of carbon, the energy for synthesis being supplied 
by the sulphur oxidations. ‘The most unusual feature of this 
bacillus was found in its tolerance for the sulphuric acid which 
it produces, its optimum pH lying between 3 and 4, whilst the cell 
survives even a pH of 0-6. Even so, however, the rapid production 
of sulphuric acid calls for the use of a buffer in the medium, the 
most convenient being tricalctum phosphate, which reacts with the 
sulphuric acid to give an acid salt and calcium sulphate : 
Ca,(PO,). + 2H,SO, = Ca(H,PO,), + 2CaSO, 

The influence of organic compounds on the development of 
this organism calls for special note. Waksman and Joffe found 
that glycerol, mannitol and glucose slightly favoured the oxidation 
of sulphur, but that none of these compounds could replace 
carbon dioxide as a source of carbon. Starkey found that glucose 
could be tolerated up to 5%, and was indeed actually broken 
down by the bacteria; though it could not replace sulphur as a 
source of energy its presence seemed to favour slightly the ratio 
of carbon fixed to sulphur oxidised. We have here an instance of 
an organism able to break down glucose but unable to derive from 
the process either the carbon or the energy required for growth. 

Ammonium salts were found to be the best source of nitrogen 
for this organism. Waksman and Joffe stated that nitrates and 
amino-acids could also be used, but this was later contradicted by 
Starkey, who found that nitrates were injurious and that nitrites: 
were toxic in concentrations of 1:25%. Peptone also was found) 
highly injurious. 

The energy exchange of Thiobacillus thio-oxidans was calcu- 
lated by Waksman and Starkey.1_ The organism was grown on 
a medium (No. VIII) containing ammonium sulphate and 1% off 
powdered sulphur. The disappearance of the sulphur and the 
production of sulphate were followed gravimetrically, and the 
carbon of the organism by a wet combustion ; the sulphur carbo 
(sulphur oxidised) 
(earhontassietinren 


1 g. carbon requires for assimilation 9,846 cals. 
32 g. sulphur on oxidation liberates 141,800 cals. 


a Rae a 140,900 cals. 
846 x 100 
ee Oa ee 
140,900 
? Waksman & Starkey, 1922. 


ratio thus obtained was 31°82. 


Hence the energy efficiency = 
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Group V. Organisms oxidising thiosulphate to s 
sale ae 1g Ip ulphate, moderately 
An organism of this type known as Thb. novellus was isolated 
by Starkey from soil. Like Thb. thio-oxidans it oxidises thio- 
sulphate to sulphate with no intermediate formation of poly- 
thionates or elementary sulphur. It is a true autotrophant, being 
able to develop on a synthetic medium with thiosulphate as a 
source of energy and to synthesise significant amounts of cell 
carbon (1:25 mg. C/10o ml. medium in 43 days). The ratio 
S oxidised/carbon assimilated amounted on an average to 56. 
The reaction may be represented by the equation 


Na,S,0; + H,O + 20, = Na,SO, + H,SO, + 211,100 cals. 


Adopting the same method of calculation as for Thiobacillus 
thio-oxidans the energy efficiency of Thb. novellus is 5:3%. Thb. 
novellus differs from Thb. oxidans in its pH optimum, which is 
on the alkaline side (8-o-9-0), and in its much slighter tolerance 
for acid, pH 5-0-5-5 sufficing to check growth. It is also a facul- 
tative autotrophant developing prolifically on organic media ; in 
these conditions power to oxidise thiosulphate is not developed 
proportionately to growth.? 


Group VI. Intermediate organisms oxidising thiosulphate but living 
heterotrophically 

Members of this group were first described by Trautwein? 
from sewage efHuent. When in pure culture the organism oxi- 
dised thiosulphate to polythionates and no deposition of sulphur 
occurred, ‘Trautwein believed his organism to be autotrophic 
because, when sown into inorganic medium, thiosulphate failed to 
disappear in an atmosphere free from CO, ; in these conditions, 
however, growth and oxidation of thiosulphate took place when 
carbon compounds were added and galactose and maltose were 
shown to be utilised. From these observations the organism 
was regarded as a facultative autotrophant. ‘The question was 
reopened by Starkey using two of Trautwein’s strains and a 
similar organism isolated by himself. He showed that the oxida- 
tion of thiosulphate is attended by increasing alkalinity. All the 
thiosulphate oxidised was recovered as polythionate, the principal 
product being tetrathionate ; probably the tri- and pentathionate 
also found to occur as secondary products were due to the in- 
creasing alkalinity of the medium. ‘The reaction probably proceeds 
according to the equation 


2Na,S,0, + H,O + 40, = Na,S,0, + 2NaOH + 21,000 cals. 
1 Starkey, 1934 (1), (2). 2 Trautwein, 1921 and 1924. 
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Although these organisms, when sown into inorganic medium in 
amounts corresponding to 1-5 mg. C/100 ml., effect the oxidation 
of the thiosulphate, no increase of bacterial carbon occurs.* The 
addition of organic compounds results in cell multiplication and 
consequently increased oxidation of thiosulphate. ‘There is thus 
very strong evidence for regarding these organisms as hetero- 
trophants which happen to be capable of oxidising thiosulphate. 
This view is strengthened by the fact that three undoubted hetero- 
trophants Ps. eruginosa, Ps. fluorescens and Achromobacter stutzeri 
were found to behave towards thiosulphate in all respects exactly 
like the Trautwein strains. Prolonged cultivation on organic media 
in the absence of thiosulphate results in no diminution of power to 
oxidise this substance. From the equation given above it is seen 
that this type of oxidation gives less energy than the oxidations 
previously described and therefore is less adapted to an auto- 
trophic mode of life. 

The relation of this group to the sulphur autotrophants on the 
one hand and to the heterotrophants on the other is a matter for 
interesting conjecture. They may indicate a link in the passage 
of autotrophic to heterotrophic life or vice versa; they may, on 
the other hand, represent the fortuitous acquisition by the hetero- 
trophic organisms of an additional oxidising mechanism which 
happens to be of an inorganic material. 


THE OXIDATION OF THIOCYANATE 


Happold and Key? isolated an organism (B. thiocyan oxidans) 
from gas-works liquor treated with 20 times its volume of sewage 
effluent and passed through filter beds. This decomposes am- 
monium thiocyanate according to the equation 


NH,CNS + 20, + 2H,O = (NH,),SO, + CO, + 220,000 cals. 


It can be grown on a synthetic medium with ammonium thio- 
cyanate and nitrate as sole source of C and N and also on broth ; 
on the latter medium it does not attack thiocyanate. There is 
some evidence that an adaptive enzyme is concerned in the 
oxidation of the thiocyanate. 


THE IRON BACTERIA 


Among iron bacteria are classified those organisms which, 
when cultivated in media containing iron salts, accumulate in 
their outer sheath a deposit of iron consisting mainly of ferric 
hydroxide ; it is to this phenomenon that the yellow-red colour 
of many streams and natural waters is due. The same natural 


1 Starkey, 1935 (2). * Happold & Key, 1937. 
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Process frequently leads to much trouble in conduits and pipes 
through which iron-containing waters flow, the organisms causing 
the accretion of deposits of iron, incrustations resulting in the 
blocking of pipes, and also rendering the water unpleasant in 
appearance and taste. Iron bacteria belong for the most part to 
the class of thread bacteria (e.g. Leptothrix), though other forms 
such as Gallionella are frequently associated with them; the 

_ deposit of a hard insoluble material in the sheaths sometimes 
causes these organisms to assume very peculiar morphological 
forms, such as the twisted hairpin form of Gallionella and the 
spiral ribbon structure of Spirophyllum Serrugineum.1 


The metabolism of Leptothrix ochracea 


The first serious study of the physiology of the iron bacteria 
was due to Winogradsky.? He obtained his culture from chopped 
hay suspended in a cylinder of spring water to which ferrous 
hydroxide was added, from which the bicarbonate was formed 
by passing in carbon dioxide. In this medium Leptothrix de- 
veloped freely, depositing much insoluble or ferruginous material 
in the sheath and reproducing by “ swarming.” The phases of 
growth were watched in the moist chamber of the microscope and 
in watch glasses. Oxidation of the ferrous salts was shown to 
occur aerobically, even in the absence of bacteria, to a depth of 
about 0-5 mm. In the presence of the iron bacteria, this process 
is extended to a depth of 1-2 mm., indicating that at lower 

tensions of oxygen the oxidation depends on the agency of the 
organism. The growth of Leptothrix in this medium—which is 
of indefinite composition but low carbon content—depends on 
the presence of ferrous carbonate (or bicarbonate); if this is 
_absent or previously oxidised to the ferric condition, no develop- 
-ment occurs. The ferrous carbonate is shown to be readily ab- 
sorbed by the cell and oxidised first to a soluble salt, which is 
then deposited in the sheath of the cell as ferric hydroxide. At 
the end of 24 hours the mere passage of carbon dioxide suffices 
to dissolve the sheath, leaving the cells only faintly coloured ; 
later the deposit assumes a more insoluble—probably more 
basic—form, and is only with difficulty soluble in dilute hydro- 
chloric acid. Leptothrix ochracea forms prolific growth in waters 
of very low carbon content, and deposits quantities of iron many 
times the weight of the cell. Winogradsky, from the first, regarded 
its growth as autotrophic and held that the development depended 
on the assimilation of carbon dioxide by means of the energy 
liberated by the oxidation of ferrous to ferric iron, His evidence 
for this was, however, incomplete ; his cultures were doubtless 
1 Ellis, 1919. 2 Winogradsky, 1888. 
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growing in media of very low organic carbon content and, in 
these circumstances, were dependent on the presence of ferrous 
iron. The organism was, however, not obtained by him in pure 
culture, nor was it shown by him to develop in inorganic media 
from which organic carbon was strictly excluded. As a conse- 
quence of this lack of rigid proof, subsequent workers denied the 
validity of Winogradsky’s conclusions, and considerable confusion 
grew up around the subject. ; 

One of the principal opponents of Winogradsky’s views was 
Molisch, who himself made important contributions to the study 
of the group.!_ He was the first to obtain Leptothrix ochracea 
in pure culture, and showed that it is not a strict autotrophant, 
but can grow in peptone, with or without iron. Furthermore, 
he showed that if in such media manganese replaces iron, the oxide 
of the former metal is deposited in the sheath of the organism. 
From these observations he concluded that iron plays no essential 
part in the metabolism of this organism, and that the deposit of 
oxides of iron (or manganese) in the sheath is due to adsorptive 
processes and has no connection with any metabolic function, 
being, in fact, paralleled by iron accretions in certain alge, moulds, 
infusoria and flagellates where no physiological role is assigned 
to it. Similar views have been adopted by other workers in this 
field, notably by Ellis, in an interesting descriptive work on the 
action of iron bacteria in water tanks and mains.? In spite of 
the importance of Molisch’s observations, it is, nevertheless, 
clear that if Winogradsky’s work failed to supply adequate proof 
of the autotrophic character of Leptothrix ochracea, Molisch’s 
results were equally inadequate for disproving it, the fact that 
Leptothrix can grow heterotrophically on peptone in the absence 
of iron being no proof that, in its presence, and failing an adequate 
supply of organic carbon, the same organism may not be capable 
of autotrophic development. 

Lieske* next reopened the subject, and has done much to clear 
away the prevalent confusion respecting the metabolism of these 
organisms. He obtained Leptothrix in pure culture (without the 
use of the peptone employed by Molisch) on a solid medium 
containing agar and manganese acetate (No. X). The organism 
thus isolated developed only very feebly or not at all on ordinary 
laboratory culture media. In peptone 0-1% very sparse growth 
was obtained, which was improved in peptone concentrations of 
05 to 2%. In the latter medium improved growth was obtained 
by the addition of manganese carbonate. In media approaching 
in character the marshy waters which are the natural habitat of 
the organism, such as weak aqueous extracts of leaves or peat, the 

* Molisch, 1910 2 Ellis, 1919. 3 Lieske, 1919. 
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addition of manganese carbonate markedly increased the growth, 
thus indicating that in the absence of an adequate supply of 
organic carbon the cell depends on the oxidation of the metallic 
salts. 

The organism was also cultivated in strictly autotrophic condi- 
tions (medium No. X). In these circumstances the manganese 
carbonate (which Lieske used in place of iron) was found to be 
essential for development, as was also the presence of atmospheric 
carbon dioxide. Whether the importance of the latter is to be 
attributed to its effect on the reaction of the media, and hence on 
the solubility of the carbonate, or whether it has a direct effect on 
the assimilation process, was not determined. 


The metabolism of Spirophyllum ferrugineum 

As in the case of the sulphur bacteria, the metabolism of the 
iron bacteria differs from species to species, and it is not possible 
to assume that facts relating to one form are true of another. The 
metabolism of Spirophyllum ferrugineum, an organism usually 
found in the form of a ribbon-like spiral,1 has received a detailed 
study by Lieske? in a paper which has contributed much to exact 
knowledge on the subject of iron bacteria. The organism was 
obtained from a ferruginous stream and was first cultivated in 
its natural water, to which, besides old leaves, iron wire was 
added, and after several transfers it was finally obtained in pure 
culture and cultivated in synthetic medium (No. XII), and its 
strictly autotrophic character fully established. The growth of 
the organism was found to depend on the presence of iron, which 
(as distinct from the case of Leptothrix ochracea) could not be 
replaced by manganese nor by any other metal tried (lead, tin, 
bismuth, cadmium, zinc, nickel, tungsten, chromium, magnesium, 
or copper). The iron appeared to be absorbed in the form of 


_ ferrous bicarbonate ; this could be supplied either by iron wire, 


which in an atmosphere containing 1°, carbon dioxide yields the 
bicarbonate, or by adding small quantities of reduced iron and 
passing through carbon dioxide. Ferrous bicarbonate (0-01%) 
could also be added direct; in the latter case, as soon as the 
ferrous bicarbonate was oxidised, growth ceased until the supply 
was renewed. Other iron salts (ferric chloride, ferrous sulphate) 
did not replace the ferrous bicarbonate. Subserving this necessity, 
carbon dioxide is an essential requirement of the organism, no 
growth being obtained in an atmosphere free from carbon dioxide 
and increased growth if the atmospheric concentration is raised 

to 1%. 
This organism, unlike Leptothrix ochracea, is very strictly auto- 

1 Ellis, 1919. 2 Lieske, 1911. 
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trophic and will not develop in the presence of organic compounds, 
025% peptone or cane sugar or 0°35 % asparagine producing total 
inhibition, some depression of growth occurring even at 0-01 %. 

The optimum temperature ofthe organism was found to be 
remarkably low, as the following figures show : 


Temperature Growth of Spirophyllum 
0°0 to o'5 Good 
be Excellent (best) 
res Good 
22° Slight 
aS None 
42% None 


In accordance with these results it was found almost impossible 
to obtain cultures of this organism from its native streams during 
the summer months, its place being then taken by copious growths 
of Leptothrix ochracea. ; 

The energy required for the growth of the organism is supplied 
according to the reaction 

4FeCO; + O, + 6H,O = 4Fe(OH), + 4CO, + 81,000 cals. 

— AF 453 = 40,000 cals.} 
Assuming that the free energy efficiency of the organism is 5% 
(about the average for the autotrophic bacteria), the synthesis of 
05 g. of carbon would require the oxidation of 224 g. of ferrous 
iron. 

It has been pointed out by Starkey? that starting from the 
above equation ro K. cals. are liberated by the oxidation of 55-8 g. 
iron in the form of ferrous carbonate. Assuming that the iron 
bacteria have an efficiency of 8%, ice. 8% of the free energy 
liberated is used for the synthesis of cell material from CO,, then 
the oxidation of 55-8 g. ferrous iron would result in the assimila- 


tion of 2 X 12 = 0:0835 g. carbon, representing approximately 


0-21 g. organic material. Thus from the oxidation of 55°8 g. 
ferrous iron would be formed 106-8 g. ferric hydrate and 0-21 g, 
cell material, a ratio of 500 to 1. It is therefore apparent that 
wherever iron bacteria are growing autotrophically very large 
deposits of ferric hydrate may be expected. 

In cases where heterotrophic organisms are metabolising iron in 
demonstrable quantities (as shown by the Prussian blue reaction) 
this large ratio does not occur. Pringsheim has described iron 
flagellates growing heterotrophically and incapable of growing 
autotrophically which, in certain circumstances, metabolise con- 
siderable quantities of iron and may deposit iron and/or manganese 
in particular situations—as, for example, the stalks of Anthophysa.3 


1 Baas-Becking & Parks, 1927. ® Starkey, 1945 (1), (2). 
8 Pringsheim, 1946. 
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ORGANISMS OXIDISING FREE HYDROGEN 


The gap between autotrophic and heterotrophic bacteria is 
not so great as at first appears, since several species are known 
connecting the two types. Important among these are certain 
soil organisms (‘‘ Knallgasbakterien ”) able to use molecular 
hydrogen as a source of energy, whilst deriving their carbon solely 
from carbon dioxide. The first of such organisms to be described 
was B. pantotrophus, discovered by Kaserer.!_ Flasks containing 
an inorganic medium (No. XIII) were inoculated with soil and 
filled with a mixture of air, carbon dioxide and hydrogen. From 
the growth so obtained, Kaserer isolated an organism (B. panto- 
trophus) which could either grow autotrophically by means of the 
energy obtained in the reaction 

H, +40, = H,O 
— AF = 56,000 cals. 
or heterotrophically on ordinary media. 

Other organisms having the same type of metabolism, but 
very various forms (large and small bacilli, both sporing and non- 
sporing and cocci), were subsequently described, and all soils 
investigated, with the exception of that from sand dunes, yielded 
this physiological type.? One of the sulphate reducers has been 
found able to live anaerobically by reducing sulphate to sulphide 
by molecular hydrogen. This is an anaerobic autotrophant.® 


Intermediate metabolism of hydrogen bacteria 
Kaserer showed that his organism was able to tolerate and use 


_ formaldehyde in a concentration of 1 in 20,000. This observation 


led him to the conclusion that the hydrogen was not oxidised 
_ direct, but that carbon dioxide was first reduced to formaldehyde, 


which was subsequently oxidised : 
H,CO, + 2H, = HCHO + 2H,0 + 6000 cals. 
HCHO + O, = H,CO, + 132,000 cals. 

Ruhland,* working with B. pycnoticus, has added considerably 
to our knowledge of the metabolism of the hydrogen oxidisers. 
Using medium No. XIV, the optimum pH for the oxidation lay 
between 6-8 and 8-1, oxidation ceasing outside the limits pH 5:2 
and gz. The rise in rate from pH 5:2 to 6:8 was found to be 





parallel with a rise in the ratio x * from o to 6:0, whilst the fall 
2 


on the alkaline side corresponded to the reaction at which iron 
1 Kaserer, 1906. 
® Nabokitch & Lebedeff, 1906; Grohmann, 1924; Ruhland, 1924. 
* Butlin, 1947. 4 Ruhland, 1924. 
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salts were precipitated. ‘The relative pressures of hydrogen and 
oxygen had little effect on the rate of oxidation. By a series of 
gas analyses during the course of the development of the organism, 
it was found that the ratio hydrogen/oxygen used was not 2, as 
would be the case if all the hydrogen used was oxidised, but 
considerably in excess of this figure. This is explicable on the 
supposition that part of the hydrogen is being burnt direct whilst 
part is being synthesised into cell material. Regarding for sim- 
plicity the composition of the latter as being represented by 
carbohydrate, the following equations give the volume of gas 
reacting : 


2H,’ CO. HCHO sae 


If the carbohydrate (representing cell material) is subsequently 
burnt 


HCHO + O, = H,O + CO, 


One volume of carbon dioxide formed represents two volumes 
of hydrogen passing into synthesis. Ruhland oxidised the cell 
material formed in his experiments by means of a wet combustion 
method, and proved this relationship to hold within the limits 
of his experimental error (see Table 6, columns VII and VIII). 





TABLE 6 
I II III IV V VI VII VIII 
Duration] Vol. of Vol. of Vol. of H Excess C Vol. of CO, 
of exp., | medium, | H, used, | O, used, ae of H, = obtained by 
days Ge Cc. ro es Os A—2B 2 combustion of cell 
A B Cc material 
6 50 137°82 | 52°75 2°63 32°32 16°1 16°9 
II 50 111°48 | 44°72 2°50 22°04 II‘o 10°4 
14 100 89°48 | 39°06 | 2:29 II‘'02 5'5 6-2 


The same set of figures shows that the smaller the relative 
amount of growth the more closely does the hydrogen/oxygen 
ratio approach 2, which is in accordance with the view that the 


excess of hydrogen over oxygen is due to the reducing function of 
the latter in the assimilation, process. 


In optimal conditions of pH, temperature, etc., the if quotient 


2 
CO, assimilated 


H, burnt 


the former amounting to 2-78 to 2-79, the latter to 0-137 to 0-140, 
from which it follows that the oxidation of 7 to 8 ml. of hydrogen 
results in the fixation of 1 ml. of carbon dioxide. Ruhland sought 


and hence the remained remarkably constant, 
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to determine whether the dual processes of carbon assimilation 
and hydrogen oxidation could be dissociated. In order to do this, 
he carried out a series of ten-day experiments in which growth 
was prevented by employing washed cell suspensions in a medium 
from which carbon dioxide and carbonate were excluded. The 
hydrogen/oxygen quotient, in these circumstances, was 1-80, 
which strongly suggests that the hydrogen oxidation was being 
carried out independently of carbon assimilation. The failure of 
the quotient to attain the theoretical value of 2 might be attri- 
butable to an endogenous oxygen uptake due to the oxidation of 
cell substance. 
The energy efficiency of the organism calculated from Ruhland’s 
data 
So et2's 100 
69:0 x 8 
The free energy efficiency from the same data! 


__ 118,100 X I00 _ tee 
8 X 56,000 eS os/ 


= 20°5% 


THE OXIDATION OF CARBON MONOXIDE 


Comparable to the organisms oxidising hydrogen are those 
oxidising carbon monoxide. The discovery of these was due to 
Beijerinck and van Delden,? who isolated from soil an organism 
which appeared to develop, though slowly, on media from which 
carbon compounds other than carbon dioxide were excluded. 


_ Nitrate, nitrite or ammonia could serve as source of nitrogen, 


_ though nitrate had the practical advantage of excluding the nitri- 


_ fiers. No development took place on ordinary media, the organ- 


a 


ism being to all appearance strictly autotrophic. Beijerinck and 
van Delden did not succeed in showing the source from which the 
cell derived its energy, though they observed that growth occurred 
more readily in the atmosphere of the laboratory than in the 
comparatively pure air of a greenhouse. The organism was called 
by its discoverers B. oligocarbophilus. Kaserer® isolated from the 
soil a bacterium which he identified with B. oligocarbophilus, and 
succeeded in showing that it developed by the oxidation of carbon 
monoxide according to the equation 


CO + 40, = CO, + 74,000 cals. 
— AF = 66,000 cals.4 


Lantzsch® studied this organism afresh, and disclosed an inter- 
1 Baas-Becking & Parks, 1927. t Beijerinck & van Delden, 1903. 


3 Kaserer, 1906. Baas-Becking & Parks, 1927. 
5 Lantzsch, 1922. 
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esting case of polymorphism associated with physiological func- 
tion. In strictly autotrophic conditions (medium No. XV) with 
carbon monoxide or formic acid (the latter supplied by exposing 
the organism to an atmosphere kept saturated with the vapour), 
the growth obtained was characteristic of the actinomyces form, 
i.e. a network of threads. If the carbon was supplied as formalde- 
hyde, acetone or butyric acid, or if the organism was cultivated 
on the usual laboratory media, the actinomyces form gave way to 
a coccal form, the original character being regained on resubculti- 
vating into formic acid or carbon monoxide media. Hydrogen 
was not oxidised in any circumstances. 

By the use of crude soil cultures, Wehmer? has succeeded in 
freeing coal gas from carbon monoxide. Anaerobically carbon 
monoxide was oxidised and sulphate reduced, though, owing to 
the cultures being mixed, it is uncertain whether the two processes 
were linked or whether some unknown oxidising agent was 
responsible for the oxidation of the carbon monoxide. 


THE OXIDATION OF Formic AcID AND FORMALDEHYDE 


An organism, B. methylicus, originally obtained from the air by 
Loew,? is' able to develop in inorganic media on formaldehyde 
sulphite and on 0:5 °% sodium formate, also on methyl alcohol ; it 
also lives heterotrophically on ordinary media. Nothing definite 
is known of the metabolism of this organism which seems closely 
allied to that of B. oligocarbophilus, though the two organisms are 
morphologically unlike. Loew’s suggestion that the formic acid is 
metabolised via formaldehyde has no experimental foundation : 


H.COOH CHO 
+ =| 
H.COOH COOH +H,0 


CHO 
| = HCHO + co, 
COOH 


Possibly the formic acid is metabolised via carbon monoxide, as 
has been suggested for B. oligocarbophilus. 


THE OXIDATION OF METHANE 


The discovery of an organism (B. methanicus) oxidising methane 
was due to Sohngen.* This organism undoubtedly exists in natural 
conditions on the methane produced in anaerobic fermentation in 


1 Wehmer, 1926. 2 Loew, 1892. 8 Sohngen, 1906. 
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the lower layers of the soil. It was cultivated on an inorganic 
medium in an atmosphere consisting of one-third methane and 
two-thirds air: 


CH, + 20, (1 atm.) = CO, (1 atm.) + 2H,O 
— AF 55g, = 195,000 cals.} 


The free energy efficiency of this organism was calculated from 
Sohngen’s data by Baas-Becking and Parks,? and found to be 
29°7%. As, however, the figure for carbon assimilated was derived 
indirectly from the difference between the observed and calculated 
carbon dioxide obtained from the oxidation of the methane instead 
of from the combustion of the organism, great accuracy cannot be 
postulated for this figure. 


GENERAL CONSIDERATIONS 


From the metabolic point of view, the autotrophic bacteria 
form a class having characteristics as clearly defined and as dis- 
tinct as the green plants on the one side and animals (with which 
may be grouped the heterotrophic bacteria) on the other. Like 
the plant world and the photosynthetic bacteria the autotrophants 
are independent of other living organisms, the plants ‘depending 
on the radiation energy from the solar spectrum, the autotrophants 
on the energy obtained by the oxidation of inorganic compounds, 
to enable them to utilise carbon dioxide as a source of carbon for 
growth. ‘The autotrophants then have more in common with 
the green plant and with the photosynthetic bacteria than with 

heterotrophic bacteria and animals, though, as very little is known 

_of the details of their metabolism, we are unable to draw a close 

" parallel. ; 

__ Regarded from the standpoint of comparative biochemistry, 
autotrophic bacteria may be regarded as having exploited the 
possibility of various chemical reactions to supply their need for 
energy without having hit on anything so profitable as the methods 
adopted by the green plant on the one hand, or the heterotrophic 
micro-organisms and the animal world on the other. ‘These two 
main types of metabolism have, in the course of evolution, turned 
out to be capable of the enormous development exhibited by the 
varied forms of plant and animal life, whilst the reactions employed 
by the autotrophic bacteria appear, in the conditions governing 
terrestrial life, to be incapable of great expansion or development. 
It may be noted in passing that the energy efficiency of autotrophic 
bacteria is low, as may be seen from the accompanying table due 
to Baas-Becking and Parks (Table 7).* 


1 Baas-Becking & Parks, 1927. 2 Ibid. 3 Tbid. 
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Reaction Author sic he 
H, + 40, = H,O 2 : : . | Ruhland, 1924 26°4 
CH, bts: = CO, + 2H,O. : . | Sohngen, 1906 0°6-29°6 
(limits) 
NH, + 140, = NO,+ H,O + 2H+ . | Meyerhof, 1916 7°9 
NO.- oa te NO,- : . : ; A Meyerhof, 1918 5°9 
S + 140, + H,O = H,SQO, . Winogradsky, 1881 8-3 


6KNO, + 5S + 2CaCO, — 3K.SO, —-: 
+ 2CaSO, + 2CO, + 2N, | Beijerinck, 1920 5°0 
5Na.S,0; + 8KNO,; + 2NaHCO,; 
a 6Na,SO, Fs 4K.SO, y 
+ 4N, + 2CO, + H,O Lieske, 1912 9°0 


Whether this is due to some inherent and unavoidable loss 
occurring in the transfer of energy by the reactions in questior 
must remain obscure till more is known of the mechanism by 
means of which the transfer of energy takes place. 

Very characteristic of autotrophic bacteria is their curiou: 
specificity towards the molecule from the oxidation of which they 
derive their energy, Nitrosomonas, for example, being confined tc 
ammonia and inactive towards nitrite, sulphur and hydrogen. 
and so on, with few exceptions throughout the list. We are at 
the moment unable to conjecture what may be the cause of this 
phenomenon ; it may conceivably be due to specific adsorptive 
capacities, or even to a power of effecting the synthesis of some 
unstable molecule by means of which energy may be transferred 
from the molecule being oxidised to the carbon dioxide being 
reduced. 


The mechanism of energy transfer 


In the case of Thb. thio-oxidans we have irrefutable evidence 
that CO, reduction is coupled with sulphur oxidation : 
m(2S + 30, + 2H,O = 2H,SO,) + m 141,800 cals. 
CO,. 44H =H .CHOTsH Of 112,400 cals. 
It is, however, clear that these equations provide no informatior 
as to the mechanism of the energy transfer. Two other compound: 
must be postulated as taking part, one (X) of low energy value 
which is transformed to Y of high energy value during the oxida. 
tion of the sulphur in reaction 1, whilst during reaction 2 the 
energy is transferred to permit of the exergonic synthesis of carbo: 
hydrate. This is expressed as follows: 
n(2S + 30, + 2H,O + X = 2H,SO, + Y) 
CO, + 4H +nY =H.CHO 4+ nx 
both steps being exergonic. 
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A notable advance in the elucidation of the mechanism involved 
in this energy transfer has recently been achieved ; briefly the 
following steps have been proved : 

By the use of washed suspensions and the manometric technique 
S oxidation has been separated from CO, reduction and the two 
processes studied separately. Aerobic oxidation of S in the absence 
of CO, has been shown to be accompanied by disappearance of 


Uptake = mi/io mins 






% 10 20 40 60 120 180 
Time (mins. ) 


Fic. 5.—CO, fixation by resting cells of Thiobacillus thio-oxidans in the 
absence of sulphur! 


‘inorganic P. At the end of this process the cells are shown to be 
capable of the anaerobic fixation of CO,, a process accompanied 
by the return of inorganic P to the medium ; these complementary 
processes are shown in Figs. 5 and 6. These observations are of 
fundamental importance in that S oxidation and CO, absorption 
occur in the absence of cell multiplication and each can be 
separated from the other. It is shown, however, that although 
CO, absorption can be separated in time from S oxidation yet it 
is dependent on it. Thus after S oxidation has come to a standstill 
the cells are able to fix approximately 40 ul. CO,/100 ug. bac- 
terial N.; after this a further period of S oxidation in air legen 
the cells to a condition in which they are again able to fix CO,. 
Fig. 6 and Tables 8 and g illustrate this. ° 


1 Vogler, K. G., . Gen. Physiol., 1942, 26, 109. 2 Ibid., 1942. 
2 Vogler & Umbreit, 1942. 
‘y 
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PO, method 





9 !norganic Phasphate P per ml. of Suspension 
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Fic. 6.—Phosphate changes during respiration + CO, fixation by Thio- 
bacillus thio-oxidans! 











TABLE 8? 
INFLUENCE OF THE PREVIOUS OXIDATION OF S ON THE SUBSEQUENT FIXxATIO? 
oF CO, 
200 Kg. bact. N per flask CO, upt. HI. O, upt. HI. CO, upt. HI. 
First period Period in O, Second period 
in H, in H, 
2 hours 2 hours 2 hours 
1 sulphur absent . : 75 4 ° 
2 sulphur absent . P 71 4 I 
3 +sulphur : : 70 600 61 
4 +sulphur : : 74 600 56 
ee ee ag eg a a rn rit eee ea 
TABLE 93 


INFLUENCE OF S OXIDATION AND CO, FIxaTION ON PHospHoRUS 'TRANSFE: 
FROM CELLs 4 MeEpIuMm 





Hours : 2 4 6 








Bacteria (168 ug. cell N) O, 


upt. ul. . . - ‘ 220°0 640°0 1070°0 
P transfer from medium to cells 
wg. P : : A : O's 2°0 2°5 
Gas phase changed from O, to CO, 
CO, upt. ul. . : yeas 32°0 72°'0 80'0 
P transfer from cells to medium 
Ug. P : : . : 1-0 2:2 2.5 


1 Vogler & Umbreit, ¥. Gen. Physiol., 1942, 26, 158. 
2 Vogler, 1942. 3 Vogler & Umbreit, 1942. 
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From the data in Tables 8 and g it is found that the CO, 
absorbed in the second period is proportional to the P taken up 
in the first period, whilst during the CO, uptake the P released is 
proportional to the CO, fixed. 70-80 mols. O, taken up in the 
oxidation of S causes the uptake of 1 mol. phosphate, whilst the 
release of 1 mol. phosphate accompanies the fixation of 40-50 
mols. CO,. With special precautions to ensure the optimal oxida- 
tion of S the following ratios were established : 

O,/PO, = 72; CO,/PO, = 47; hence O,/CO, = 1°58-1°53 
Assuming that CO, goes direct to carbohydrate the expected 
‘atio is 1-49. 

Each mol. O, used in S oxidation releases 79,000 cals. free 
nergy. Hence 79,000 x 72 cals. = 5,688,000 cals. are required 
or the intracellular uptake of 1 mol. of phosphate. 

47 mols. of CO, synthesised per mol. phosphate to carbohydrate 
luring the back reaction (liberation of inorganic phosphate) re- 
juires the absorption of 5,283,000 cals. free energy, which gives 
atisfactory agreement with the calories available from the oxida- 
ion process. 1 mol. CO, -> carbohydrate requires 112,400 cals. 
ree energy. 


0, as oxidising agent 

The CO, uptake during S oxidation is a continuous process 
ecessary for the supply of C to the cell. In this case the CO, 
ptake must be accounted for either in terms of an increased level 
f cell oxidation or by the excretion of oxidised products. If the 
verall level of oxidation in the cell be about that of carbohydrate 


(C,H,,0, + 60, =6CO, + 6H,0) 
ad the CO, is converted into cell material, then for 1 mol. CO, 
iken up 1 mol. O, will become available (O, is never liberated). 


TABLE 101 
CO, as Oxipistnc AGENT IN S OXIDATION 





Qeog + o% 


| 
Cee a 
 — 


1 Vogler, 1942. 
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If then S oxidation is measured in the presence of CO,, and i 
1 mol. O, is spared for each mol. CO, taken up, the Qo 
should deereasc in the presence of CO, whilst the total volum: 
O, + CO, taken up should be constant (see Table 10). 

The oxidation and fixation processes are inhibited by differen 
inhibitors (see Table 11). 


TABLE 111 






% Inhibition 










* Inhibitor 


S oxidation CO, fixation 
CN 
Azide M/100 é A 100 ° 
Arsenite M/1o0o . ; 90 ° 
Iodoacetate M/10,000 . 10 100 


Pyruvate M/150 


It has, however, been calculated that the change from inorgani 
P to A.T.P. requires 10,000 cals., whilst actually about 500 time 
that amount is supplied by the oxidation of S. It is suggested tha 
there may be a series of P compounds within the cell whose energ 
value may rise and fall during S oxidation and CO, fixatio; 
respectively, only the initial and final steps resulting in the appear 
ance or disappearance of inorganic P. Evidence for the presenc 
within the cell of A.T.P., hexose diphosphate, glucose 1-phosphate 
glucose 6-phosphate and fructose 6-phosphate has been found.” 


1 Vogler, 1942. 2 Le Page & Umbreit, 1943. 3 Le Page, 1942. 


CHAPTER X 
BACTERIAL PHOTOSYNTHESIS 


THE existence of photosynthetic bacteria has been suspected since 
1883 when Engelmann described a pure culture of pigmented 
organisms with a well-defined absorption spectrum. He con- 
cluded that the pigments played an important part in the life of 
the cell from the fact that irradiation conditioned motility. He 
furthermore showed that if the spectrum (solar or gas-light) were 
projected on to the microscopic stage, the organisms collected in 
the regions of their own absorption bands (Fig. 1). From this 





discovery till 1931 the physiology of the purple bacteria fell into 
great confusion. ‘This is to be attributed to the fact that their 
development was found to depend on two factors, light and the 
presence of hydrogen sulphide. Both these observations are funda- 
mental to the understanding of the subject but both played the 
part of red herrings. The effect of illumination led workers to 
strive to bring the observed facts into conformity with those known 
to hold for the green plant. This of course involved the search 
for free oxygen when the organism was illuminated. Actually 
Engelmann believed he had demonstrated this by a biological 
method,? but the error of this observation was shown by Molisch® 
and also by recent workers.*: > The necessity for hydrogen sulphide 
deflected the course of investigation by suggesting a chemo- 
synthetic type of metabolism in which the hydrogen sulphide pro- 

1 Engelmann, Pfligers Arch., 30, Taf. 1, 1883. * Ibid. 3 Molisch, 1907. 

4 van Niel & Muller, 1931. 5 Muller, 1933. 
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vided the energy through oxidation, as Winogradsky had alread 
shown was possible (see p. 256). Such an explanation, howeve 
left the action of light unaccounted for and was contradicted b 
the fact that the organisms developed anaerobically. ‘The issu 
was further involved by the observation that some coloured bacter: 
develop in the dark in the presence of organic material. The tas 
of harmonising these facts and of disclosing the true character ¢ 
the photosynthetic bacteria was reserved for van Niel, to whos 
masterly researches and penetrating insight we owe our preser 
knowledge on this subject. 

The coloured bacteria were originally found in shallow seas ¢ 
lagoons exposed to sunshine in localities where a supply of hydrc 
gen sulphide was available. Van Niel! showed that they are « 
wide distribution in the soil and also in fresh and salt water muc 
and may be cultivated from these sources if the right condition 
are complied with. These are: 


1. Exposure to light, either sunlight or from an arc lamp. 

2. A pure synthetic medium containing the following: NH,C 
01%; K,HPO,, 05% ; MgCl,, 002% ; NaHCO,g, 0-5 % 
Na,S . 9H,O, 0:1%. 

3. PH about 8-5. 

4. Strictly anaerobic conditions. 


After a preliminary enrichment on a suitable medium, 15 strain 
of purple and 4 of green sulphur bacteria were obtained in pur 
culture. These were separated into groups according to the valu 
of pH and concentration of sulphide at which they develop bes: 
By estimations of the CO, and H,S disappearing and the sulphat 
formed it is found that these are in a stoichiometric relation. I. 
the case of the purple sulphur bacteria this is in accordance wit! 
the equation 


H,S + 2H,O +2CO,=2CH,O+H,SO, . (1 


In the case of the green bacteria, sulphide is oxidised only as fa 
as sulphur, which is deposited outside the cell : 


CO, +2H,S = CH,O+H,O0+28 . es 


The extent to which van Niel’s experiments supported these con 
clusions is seen in Table 1. With strain 4 the H,SO, produced i 
equivalent to 264 mols., which, in accordance with the equatior 
requires 528 mols. of CO, whereas 505 were actually used. Afte 
the sulphide had disappeared no further diminution in CO 
occurred, showing the interdependence of the two processes. Th, 
case of strain g gives some information on the course of th 
process. After 27 days the sulphur had not been comiplete]l 
1 van Niel, 1931 and 1935. 
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oxidised and microscopic examination showed that the cells still 
contained sulphur globules ; correspondingly the CO, disappear- 
ing was below the amount calculated for equation (1). By 42 days 
the intracellular sulphur had disappeared and the sulphate forma- 
a then corresponded with the amounts of sulphide and CO, 
used. 

TABLE 11 


Culture H,SO, produced | CO, disappeared 


Sa Calcu- | Found, | Calcu- | Found, 
Description ion i by mg. mg. 


Stores sulphur inside the 


cell 
Stores sulphur inside the 

cell ? = : 
Does not store sulphur . 


Does not store sulphur . 





In culture 7 the sulphate formed was also low as compared 
with the sulphide used. Here this discrepancy was accounted for 
by an extracellular deposit of sulphur according to the equation (2). 
Thus out of 395 mols. of H,S, 255 have been oxidised only to 
5, corresponding to the reduction of 128 mols. of CO, so that 
the total maximum reduction of CO, would be 


| 128 + (2 x 140) = 408 mols. 


of which 398 were verified experimentally. 
The application of manometry to these problems has proved 
f great advantage. Roelofsen,? using washed suspensions of 
purple sulphur bacteria, demonstrated an evolution of CO, in 
the dark due to autofermentation and an immediate absorption 
on irradiation in the presence of sulphide. ‘There appears also an 
absorption of CO, in the absence of sulphide which quickly comes 
to a standstill ; this is doubtless due to some endogenous hydrogen 
donator whose nature is undetermined (Fig. 2). 

A variation on the photosynthetic theme is supplied by the 
purple bacteria (Athiorhodacea) which are distinguished from the 
purple and green sulphur bacteria (or Thiorhodacee) by their 
ability to reduce CO, photosynthetically by means of organic 
compounds,’ and so to develop anaerobically on simple inorganic 
media with simple organic acids, and CO, (or bicarbonate) in 
the presence of light. It is necessary to distinguish this mode of 


1 yan Niel, Arch. Mikrobiol., 1931, 3, 88. 
2 Roelofsen, 1935. 8 Muller, 1933. 
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without and II with H,S? 
life carefully from the aerobic growth of heterotrophants and from 
anaerobic growth on carbon compounds. In the first place, this 
development occurs only in light and is strictly anaerobic ;_ more- 
over, the organic substrate is broken down with relatively little 
evolution of carbon dioxide, that is, the substrate passes inta 
the cell material almost quantitatively (Table 2). The true 
photosynthetic nature of the process is best seen when the sub- 
strate consists of a fatty acid such as butyrate which is more 
highly reduced than carbohydrate and protein and also than the 
bacterial cell as a whole. Here development does not occur unless 


 Roelofsen, Thesis, p. 78 (1934). 
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TABLE 21 






Medium 








Substrate-carbon CO,-carbon Carbon in Total carbon 
used formed bacteria recovered, % 


Co— 
TT _ 


3°29 o-4I 2°95 102 
Lactate / 1°04 O12 0°82 go 
3°79 O25 3°15 92 
{ 4 8 . 
Malate 5°41 . 
| 2-92 






an extraneous source of carbon dioxide is added. If the various 
substrates are arranged in order of their oxidation values (or 
reducibility) the CO, produced per millimol of substrate is in 
the reverse order ; this is seen in Table 3. 


TABLE 3 















m. mols. CO, 


Substrate — 
m. mols, substrate 


Malate 4 ‘ ‘ + 1°22 
Succinate . . : + 07 
Acetate. é . + O17 
Lactate . : A + 0°29 
Butyrate . . , —0'74 


The same point can be better demonstrated by the use of 

_ manometric technique as was done by Gaffron* for the purple 
bacterium Rhodovibrio. Washed suspensions of this organism 
in the presence of potassium butyrate in an atmosphere of 5% 
CO, in N, showed an absorption of CO, (in light) proportional 
to the amount of butyrate present. See Fig. 3. Now in the 
case of bacteria the photosynthetic process leads to the formation 
of cell material and, speaking roughly, the degree of oxidation of 
cell material is about that of protein or carbohydrate, but less than 
that of fatty acids above acetic. Hence photosynthesis by means of 
these compounds involves oxidation and this can only occur by 
absorption of CO,. Now the longer the carbon chain of the 
saturated fatty acids the more reduced it becomes and the greater 
the amount of oxidation, i.e. CO, absorption, required to bring it 
to the oxidation level of cell material. Gaffron showed mano- 
metrically that the greater the number of CH, groups per mol. of 
fatty acid the greater the amount of CO, absorbed per mol. (see 
Table 4). More direct evidence of the role of organic compounds 
in the photo-reduction of CO, is shown by those members of the 


1 Muller, Arch. Mikrobiol, 1933, 4, 131- 2 Gaffron, 1933- 
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CO, absorbed. 





Fic. 3.—CO, absorbed in presence of (1) 1 ml., 
(2) 2 ml. M/100 butyrate? 








TABLE 42 
RELATION BETWEEN YIELD OF CELL MaTERIAL AND Fatty ACID USED AS 
SUBSTRATE 
mg. carbon 
CO, uptake per m mol. in cell 
M. wt. of mg. carbon material 
Fatty acid Na- salt per m mol. from 1 g. 
m mol, mg. carbon substrate 
Formic acid . 68 12 —o'6 —7°2 75 
Acetic acid . 82 24 —o'2 —2°4 230 
Propionic acid 96 36 o'3 3°6 350 
Butyric acid . IIo 48 0°65 78 435 
Valeric acid . 124 60 I'o 12°0 500 
Caproic acid . 138 72, 1°4 16°8 550 
Heptylic acid . 152 84 1°7 20°4 600 
Caprylic acid . 166 96 2°0 24°0 635 
Pelargonic acid 180 108 a4 28-8 665 


Athiorhodacee able to oxidise isopropanol to acetone. This com- 
pound undergoes no further change and can be recovered quanti- 
tatively. It has been shown manometrically that 6-0 m. mols. of 
isopropanol oxidised result in the reduction of OO7His COs ars 
the CO, were reduced to the carbohydrate level go ul. would dis- 
appear, hence the results suggest that the reduction products are 
on an average more reduced than carbohydrate. 


1 Gaffron, H., Biochem. Z., 260, 4. 


van Niel, 1944, Bact. Rev., 8, 37. 
3 Foster, 1940, 
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Members both of the Thiorhodacee! and the Athiorhodacee?. ® 
can use organic hydrogen donators and molecular hydrogen ; 
in fact their capacities seem to vary according to the dehydro- 
genases present just as does the reduction of other hydrogen 
acceptors in the case of heterotrophic bacteria. 

The use of hydrogen as the reducing agent in place of organic 
compounds in the case of the Athiorhodaceae provides the final and 
convincing evidence that these organisms build their cell material 
anaerobically by the reduction of carbon dioxide in light and do not 
depend on any fermentative breakdown. 

An interesting link between the bacterial and green plant method 
of photosynthesis is provided by certain green alga, notably Scene- 
desmus.* These are amongst the rare examples of organisms other 
than bacteria able to metabolise molecular hydrogen. Normally 
they photosynthesise like green plants with the elimination of 
oxygen. If kept anaerobically in hydrogen and carbon dioxide for 
one hour or longer at low intensity of illumination their metabolism 
changes and hydrogen and CO, are taken up according to the 
reaction 

2H, + CO, = HCHO + H,O 


and no oxygen is given off. It appears that anaerobic conditions 
and the presence of hydrogen result in the adaptive production or 
activation of hydrogenase ; if hydrogen is replaced by nitrogen, 
hydrogenlyase appears, liberating hydrogen from endogenous sub- 
strates. If the intensity of the illumination is increased above a 
certain value the cell reverts to its original mode of photesynthesis 
and oxygen is again given off and hydrogenase activity ceases. 
The plant and bacterial photosynthetic reactions can be distin- 
guished by their behaviour with inhibitors (see Table 5) and also 


TABLE 5 


sh of Photosynthesis 
Poison ype y 


Bacterial Plant 


Cyanide 10-* M ‘ ‘ Inhibits Inhibits 
Hydroxylamine 10°* M. No effect Inhibits 
2, 4-Dinitrophenol . ° Inhibits Inhibits 
Carbon monoxide. . Inhibits No effects 





by the fact that the plant reaction is highly endergonic whilst the 
bacterial overall reaction occurs with little or no energy change. 
Since both reactions depend on the energy derived from light it 
seems probable that the photosynthetic reaction is the same in both 


1 Roelofsen, 1935. 2 Gaffron ,1933. 3 Nakumura, 1937. 
* Gaffron, 1940. 
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cases ; this may be the formation of aCO, — H,O complex which 
splits into a reduced compound leading to carbohydrate formation 
and an oxidised product of a peroxide character. In bacterial 
photosynthesis the peroxides are reduced by hydrogen donators 
(HS, organic compounds or H,), catalysed by their appropriate 
enzymes. At the higher intensities of illumination characteristic 
of plant photosynthesis the peroxides are decomposed to water and 
oxygen, probably through the action of an additional enzyme 
characteristic of the plant system. It thus seems possible that the 
bacterial mode of photosynthesis is the more primitive and the 
adoption by the green plant of an additional mechanism for decom- 
posing the peroxide complex delivers it from the necessity for 
maintaining anaerobic conditions and enables it to invade dry land. 

From the experiments just described it is now clear that in the 
photosynthetic bacteria we have a remarkable group of organisms 
depending for their carbon supply on carbon dioxide and for their 
energy on solar radiation ; in these respects their type of metabol- 
ism resembles the green plant. Here, however, the resemblance 
ends, for whereas the photosynthetic plant employs a mechanism in. 
which water appears as the reducing agent liberating oxygen. 
(equation 1), these bacteria use either hydrogen sulphide liberat-. 
ing free sulphur (equation 2), or inorganic sulphur compounds and. 
free sulphur forming sulphate (equations 3 and 4) or organic: 
hydrogen donators with which free hydrogen may be included! 
(equations 5 and 6, Table 6). The use of solar energy relates 








TABLE 6 
Organism Reducing agent Characteristic reaction 
Green plant . A H,O CO, + H,0=CH,0 +0, . (1) 
Thiorhodacee 
(a) Green sulphur H,S CO, + 2H,S = CH,O 
bacteria. +H,0+2S = (2) 
(6) Purple sulphur H,S CO, + 2H,S = CH,O 
bacteria. +H,0+2S (3) 
Ss 3CO, + 2S + 8H,O = 3CH,O 


Athiorhodacee + 3H,0 + 2H.SO, (4) 


(c) Purple bacteria | Organic acids, |CO, + C,H,O, + H,O = 5CH,0O (s) 
Gtr and COs + 2H, = CH.O + H,O . (6) 
hydrogen 


en a eee | 


these organisms to the green plant but the failure to use H.C 
as the hydrogen donator sharply differentiates them. The use 
of inorganic substances as oxidisable material relates the Thio- 
thodacee to the chemosynthetic organisms, from which they are 
sharply differentiated by their anaerobic mode of life and usé 
of solar energy. The use of organic hydrogen donators anc 
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molecular hydrogen relates both types of purple bacteria to 
heterotrophic organisms, from which they are differentiated by 
their use of solar energy and the almost complete transforma- 
tion of the carbon of the substrate into cell material. The ques- 
tion whether the purple sulphur bacteria (Thiorhodacee) can 
also use organic hydrogen donators has been a matter of con- 
troversy. Gaffron believed that he showed that in the cases 
where it appeared to occur two reactions were taking place, viz. 
a reduction of sulphate to sulphide in the dark and a reduction of 
CO, by sulphide in the light. After some polemics it now appears 
that the reduction of hydrogen sulphide in the dark is due to a 
reduction of intracellular sulphur by unknown hydrogen donators 
and that the amount so formed is quantitatively negligible com- 
pared to the amount of carbon dioxide subsequently reduced. 


The bacterial pigments 


Spectroscopic examination of various members of the Thiorho- 
dacee and Athiorhodacee reveals the presence of strong absorption 
bands in the infra-red due to bacterio-chlorophyll, the evidence 
for which is supplied by French’s study of the photosynthetic 
action spectrum.” ‘The same worker showed also that rupture of 
the cells gave a preparation with the same spectrum but one which 
was photosynthetically inactive. Extraction with ethanol gave a 
solution with a band shifted nearer the visible end of the spec- 
trum ; alcoholic extracts of all members of purple bacteria so far 
examined show the same band at 774 muy, suggesting that the 
chlorophyll is identical in the different species. The fact that in 
whole cells the position of the bands in the infra-red varies is 
probably attributable to the different proteins to which it is 
attached (see Table 7).* 4 These observations refute the earlier view 


TABLE 75 
INFRA-RED ABSORPTION BANDS OF VARIOUS SPECIES OF PURPLE BACTERIA 


Strain Absorption maxima my, 


Thiorhodacee 
Typer . . — |855-850 
Type 2 , 865 — 


Athiorhodacee 


Typer . , 850 
Type 2 
Type 3 


Alcoholic extract of 
all types 





i 8 ink et al., 1939. 
1 van Niel, 1936. # French, 1937. Wassin , 1939 
ad Kets & Waseink, 1939. 5 Wassink et al., 1939, Enzmol., 7, 113. 
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advanced by Schneider! that two bacterio-chlorophylls exist side 
by side in the purple bacteria analogous to chlorophylls a and 6 
of the green plant, and are in agreement with Fischer’s? * work 
on bacterio-chlorophyll suggesting its close relationship to chloro- 
phyll a of the green plant. Little information is available on the 
chlorophyll of the green sulphur bacteria. Studies on the caroti- 
noids of the purple bacteria‘ ® have resulted in the characterisa- 
tion of spirilloxanthine having the empirical formula C,,H,,O, 
and containing 15 double bonds per molecule. 


? Schneider, 1934° 2 Fischer & Hasenkamp, 1935. 
3 Fischer & Lambrech 1937. 4 van Niel & Smith, 1935. 
5 van Niel, 1944. 


CHAPTER XI 
ENZYME VARIATION AND ADAPTATION 


THE fact that bacteria have in the course of evolution developed 
in comparison with other groups such an immense variety of 
chemical mechanisms is in itself an indication of their great 
potential variability. This is indeed their most marked characteris- 
tic and shows itself at several levels—in species and strain varia- 
tion, and during the life of each cell in response to changes in 
internal and external environment. 


Adaptation by natural selection acting on a mutant arising spon- 
taneously 


An example of this type of variation was first noted by Massini? 
and consists in the occurrence in Esch. coli of a mutant able to 
ferment galactose. Actually it has been later claimed that the 
mutation consists in permeability of the cell towards galactose 
rather than in an enzyme change,? but the actual nature of the 
mutation is a less important consideration than the manner of its 
origin and stabilisation. 

It was first observed® that when a certain strain of coli was 
plated on “Endo” medium (broth agar containing lactose and 
coloured with fuchsin) the colonies first developing were white, 
showing that lactose was not fermented. After some days red 
lactose-fermenting secondary colonies developed as knobs on the 
top of the white colonies. If subcultures were taken from the 
white colonies on to Endo plates the phenomenon was repeated, but 
if taken from the red knobs red colonies developed from the start 
but no white ones. The culture from the secondary colonies fer- 
ments lactose for many generations and in some cases has not been 
known to revert, though cases are recorded when the culture kept 
on lactose-free agar reverted to the original type.4.5 Many 
examples of variations of this sort are recorded—as, for example, 
the appearance of saccharose fermentation (due doubtless to inver- 
tase) in a coli-like organism® and rhamnose-fermenting secondary 
colonies in Bact. typhosum.’ Massini believed that the appearance 
of lactose-fermenting secondary colonies was due to a mutation 


1 Massini, 1907. 2 Deere, 1939. 3 Massini, 1907. 
‘ paca eg A 5 Hershey & Bronfenbrenner, 1937, 1938. 
® Burri, 1910. 7 Reiner Muller, 1909. 
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and called his strain Bact. coli mutabile. The mode of origin o! 
such strains has been shown by Lewis! to be due to natural selec- 
tion working on a spontaneous variation in the culture. Thus. 
working with a strain of Bact. coli mutabile, he showed that it 
would grow on synthetic medium with lactose as sole source of 
carbon; the growth as compared with that on peptone was slow 
at first but attained about the same maximum. When growth on 
peptone and on lactose peptone was compared, growth was paralle! 
for 24 hours, after which it became suddenly much more rapid or 
the lactose medium. The question Lewis set out to answer was 
whether a mutabile strain grown in the absence of lactose contains 
variant cells capable of attacking that sugar, or whether such 
variant cells are produced only in response to the presence of the 
sugar. For this investigation a culture from an agar slant was 
diluted serially 1/10 to 1/10%. Dilutions were plated on lactose 
synthetic medium and on to control plates of glucose synthetic 
medium ; the highest dilutions were plated also on to broth agai 
to obtain counts. The colonies on glucose synthetic agar anc 
broth agar were approximately equal in number. On lactose 
synthetic agar colonies were obtained only from the low dilutions. 
showing that approximately only 1 cell in 10° could grow on this 
medium. ‘The colonies so obtained were indistinguishable from 
those obtained by plating secondary colonies from the ordinary 
culture on lactose broth, that is, they were the variants. The 
variants therefore form approximately 1 in 10° in an ordinary 
culture without lactose. Lewis also showed that all colonies or 
plain agar contain variants in about the same proportion (‘Table 1) 


TABLE 1 





Numbers obtained by plating on 











Colony B 
A B te 
Lactate synthetic Beef extract 
agar agar 
I 6300 3540 X 108 5°62 X 105 
2 3300 1610 X 108 4°87 x 105 
3 2900 730 X 108 24 X 108 
4 2200 840 X 108 38 x 10% 
5 2080 1200 X 108 57 xX 108 


This was shown by taking five colonies from broth agar and deter. 
mining the relative number of cells able to grow on lactose syn- 
thetic agar and broth agar respectively. Table 1 shows that the 
five colonies all contained mutants in remarkably constant propor. 
tions. ‘The phenomenon of mutabile strains giving rise to secon: 


1 Lewis, 1934. 
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dary colonies is explicable on the ground that ordinary cultures 
contain a constant low proportion of mutants. When plated on 
to broth agar containing the sugar in respect of which the culture 
mutates, the variants are so few that they are not present in suffi- 
cient numbers to characterise the colonies until these have ceased 
growing owing to the exhaustion of the broth medium. When 
this has occurred the mutants alone are able to multiply in virtue 
of the sugar present and the secondary colony then appears. This 
is a true case of adaptation due to natural selection. 

Another example of spontaneous mutation, this time in the 
direction of gaining a synthetic ability, is reported by Monod.1 
An apparently normal strain of a coliform organism grew well in 
broth and also in synthetic medium (S) in which glucose provided 
the carbon and ammonia the nitrogen. When plated on to washed 
agar and synthetic medium (GS) two kinds of colony appeared, 
type N, microscopic (or mm. diameter), transparent, filamentous 
and very numerous, and type M, large (1-0-1-5 mm. diameter), 
hyaline and non-filamentous. On subculturing from N on to GS 
plates both types of colony always appeared in about the same 
relative proportion. On growing N in liquid S medium the N type 
died out after several passages, and on replating on GS medium 
M colonies only appeared ; the M type remained unchanged after 
repeated subcultivation in broth. Nutritional studies on GS plates 
with single amino-acids revealed that the N colonies consisted of 
sells which had lost the power of synthesising methionine whilst 
the M colonies grew equally well in its presence or absence. Hence 
N colonies subcultivated on to GS plates and methionine gave rise 
ynly to large colonies, M being then at no advantage over N. If 
N strain was grown for 10 or more subcultivations on S plus 
nethionine and then plated on GS the original picture—numerous 
nicroscopic and few large colonies—reappeared. 

Thus the original culture consists of cells unable to synthesise 
nethionine ; these give rise to mutants able to dispense with and 
herefore to synthesise this amino-acid. Special plate counts on 
3S with methionine and glutamic acid revealed that the ratio of 
Mi/N in the culture was about 1 /2500. Further experiments on 
he rate of growth of the two types in the same medium showed 
hat in the log. phase it was 1-45 and 1-05 generations per hour for 
{ and M respectively, from which data it was calculated that the 
ate of mutation was 1/10‘. , 

The spontaneous variation of organisms in the loss of enzymes 
es at the root of the development of strains with loss of synthetic 
owers in environments where essential nutrients or building 
nits are in good supply. It is necessary, however, to postulate 

1 Monod, 1946, in the press, 
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some advantage to the organism to make use of this or that ready- 
made compound rather than to continue to synthesise it, other- 
wise the nutritionally non-exacting strain would continue side by 
side with the new exacting strain. It is possible that mutants, 
forced by the loss of an enzyme to use a molecule lying in the 
environment, complete their growths more rapidly and so outgrow 
the more synthetically capable parent strain. ‘This view is cor- 
roborated by nutritional studies where organisms are able to syn- 
thesise a given growth factor or vitamin yet grow more rapidly 
when it is supplied. It is implicit in general experience that 
growth of non-exacting organisms on synthetic media is much 
slower than on rich media. Actually this was the case with the 
methionine mutant reported above, where the exacting strain N 
multiplied more rapidly than the non-exacting strain M. 


Artificial production of mutants 


An interesting and very informative line of work has been for 
some time in progress on the production of artificial mutants of 
the bread mould Neurospora crassa. This is strictly outside the 
scope of this book but its implications are so wide that a brief 
reference must be made to it. The approach to the problem is 
nutritional but the results are of general biochemical and genetical 
importance. ‘The parent strain of Neurospora used maintains 
growth and reproduction on a synthetic medium with one source 
of carbon, biotin being the only additional factor required. The 
parent culture is exposed to X-rays or U-V light and plated out 
on a fully nutrient medium with yeast extract. The resulting 
colonies are subcultured into a fully nutrient medium and into the 
original synthetic medium. A certain small proportion (the 
mutants) fails to grow in the latter and’on examination this is found. 
to be due to failure to synthesise some single growth factor or 
amino-acid. For example, a U-V-induced mutant of N. crassa: 
was found to be exacting towards leucine (“ leucineless ” strain).. 
This strain was mated with the normal type and produced the usual! 
eight sexual spores. The differentiating characteristics of the two 
types “ leucine + ” and “leucine — ” segregated in the offspring, 
four of which were able and four unable to synthesise leucine. 






differ is due to the presence or absence of one gene. Further 
study reveals the fact that the failure of each mutant to synthesise 
a given product may be due to the failure of one step only in the 
synthesis, i.e. to the absence of one enzyme. This leads to the 
conclusion that one gene controls the formation of one enzyme: 


* Regnery, 1944. 
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Whether this conclusion is valid is not for the author to say, but 
a further interesting piece of evidence may be quoted. By the 
usual irradiation methods seven strains of Neurospora were ob- 
tained all exacting to arginine. These were of three kinds : mutant 
1, able to replace arginine by either ornithine or citrulline ; 


CITRULLINE 
COOH 
CHNH, 
cy, 

x 
wy ha x ‘Le 
Ae C= 2 NS 

Mi, 

ARGININE ORNITHINE 
COOH COOH 
‘aa oy, CHNH, 
(CH,), Arginase El (Hh 
ta NH, 
= + 
tn, NH, 

C=O 
Mi, 


Fic. 1 


nutant 2, able to replace arginine by citrulline but not by ornith- 
ne ;* and mutant 3, unable to replace arginine either by ornithine 
citrulline. The replaceability of arginine by either citrulline or 
nithine proves that the organism builds arginine via the Krebs 
Fig. 1). 

va I as use ornithine or citrulline and therefore has en- 
ymes 2 and 3; mutant 2 can use citrulline but not ornithine and 
as therefore lost enzyme 2; mutant 3 can use neither citrulline 
jor ornithine and has therefore lost enzyme 3 (and possibly 2 also). 
"he evidence is therefore in favour of ornithine and citrulline being 


1 Srb & Horowitz, 1944. 
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intermediates in the synthesis of arginine and of one mutan 
arising by loss of one gene which controls one enzyme. Evidenc 
on the synthesis of tryptophan was mentioned in Chapter V, p. 133 
Another method by which mutants with loss of one enzym« 
can be produced artificially consists in growing the organism ir 
sublethal amounts of an inhibitor for the enzyme concerned. 


Cyanide yeasts 

Several observers have grown yeasts in the presence of cyanide, 
and have reported a decreased oxidative capacity and sensitivity 
to cyanide, also the abolition of the Pasteur effect. A permanent: 
and profound change due to growing S. cerevisiae (Hansen) once 
only in M/1000 KCN is reported by Stier and Castor.* The 
cyanide yeast showed a decreased respiration on glucose and ar 
increased anaerobic glycolysis as compared with the parent strain 
The cytochrome oxidase test was negative with p-phenylene 
diamine and the effect on the respiration of KCN and NaN. 
was negative. The cytochrome bands no longer disappeared in 
oxygen. All these observations indicate the disappearance of cyto- 
chrome oxidase; cytochrome C bands and catalase were still 
present. In addition to the abolition of cytochrome oxidase an 
alternative oxidative mechanism insensitive to —CN and NaN, 
was developed or increased; this may be explicable by the in- 
creased flavin in cyanide yeast noted by Pett. 


A sulphapyridine-induced mutation of pneumococcus type I 


An effect analogous to that of —CN on yeast has been producec 
by sulphapyridine on the pneumococcus. A drug-resistant strain 
tolerating 1/16,000 sulphapyridine was obtained by repeated sub- 
cultivation in increasing concentrations of the drug. The resistant 
strain (RS) differed from the parent strain (PS) in (1) producing 
relatively very little H,O, aerobically ; (2) in the loss of dehydro- 
genases for glycerol, lactate and acetaldehyde, that for glucose re- 
maining unimpaired. In washed suspensions of the PS these 
same dehydrogenases are suppressed or greatly inhibited by sul- 
phapyridine, whilst glucose dehydrogenase is unaffected. It seem¢ 
that here also growing a cell in the presence of a poison results ir 
the loss of those enzymes for which the poison acts as an in- 
hibitor. 

A variant on this effect was obtained by growing Esch. coli in 
the presence of a high concentration of sulphanilamide (2 x 10-2) 
to which it had been trained, and methionine, which antagonise: 
this drug. After 30 transfers a strain permanently exacting to 













1 Pett, 1936. * Stier & Castor, 1941. 3 Pett, 1936. 
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methionine was obtained ; cultivation of controls in sulphanil- 
amide without methionine did not have this effect. The tentative 
explanation put forward by the authors was that sulphanilamide 
interferes in some way with methionine synthesis and that in the 
absence of methionine the cell diverts the course of its metabolism 
so as to protect the synthesis ; in the presence of methionine this 
adjustment is unnecessary and does not take place, with the result 
that the cell becomes permanently dependent on the methionine 
of the medium. ! 


Effect of iron-deficient media on enzyme production 


Closely connected with the cyanide effect is the result of iron 
deficiency. The media were rendered iron-deficient by treatment 
with 8-hydroxyquinoline and chloroform and then contained 
90007—-0'003 _vg./ml. of iron.2 Organisms having incomplete 
cytochrome systems (coli, pneumonia and Aerobacter aerogenes) 
required 0-02-0'03 yg./ml. Fe for optimum growth, whilst Ps. 
zeruginosa, with a 4-band cytochrome system and vigorous catalase 
and peroxidase, required 3-4 times that amount.? 

Using Aer. indologenes a comparison between cells grown in 
ron-deficient media and in optimal iron media showed very 
marked changes; the iron-deficient cells had only 5% of the 
normal activity of catalase and peroxidase and the cytochrome 
yands at 560 my and 590 my were invisible. In agreement with 
hese changes the Qo, of the aerobically grown deficient cells on 
ormate, acetate, pyruvate and lactate was much reduced, but the 
2., on glucose was unchanged. The iron-deficient cells grown 
inaerobically showed the same effect except that the Qo, glucose 
if the iron-deficient cells was higher than normal. The effect of 
—CN on both types of cell caused the same proportionate decrease 
n respiration (see Tables 2 and 3). The disappearance of hydro- 
renase, formic dehydrogenase and formic hydrogenlyase in iron- 
leficient cells has been referred to earlier (p. 81). No claim was 
nade that the changes in iron-deficient cells were permanent. 

The dehydrogenases (as measured by MB) of deficient organisms 
howed decreased activity in the case of malate and succinate ; 
he decrease was about 50% in both cases. Formic dehydro- 
renase had nearly disappeared and hydrogenase was not detec- 
able; the dehydrogenases of glucose, lactate and ethanol were 
inaffected. 

The removal of iron from the medium profoundly alters the 
ermentation of Cl. welchii.® The normal fermentation products 


1 Kohn & Harris, 1942. * Waring & Werkman, 1942. 
* Ibid., 1944. 4 Ibid. 5 Pappenheimer& Shaskan, 1944. 
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TABLE 21 
Culture Qos 
Glucose Lactate Pyruvate Acetate Formate 
Aer. indologenes 
Grown aerobically : . 
Normal: . ; 73 38 41 13 ° 
Normal2 . : 51 — 53 8 81 
Deficient 1 . ; 55 II 17 ° I 
Deficient 2 . : 68 — 13 I I 
Grown anaerobically : 
Normal3 . : 34 27 36 3 36 
Normal4 . é 34 — 36 —_— 57 
Deficient 3. : 49 15 13 I Io 
Deficient 4. ‘ 56 12 18 I II 
TABLE 3? 
EFFECT OF 0-001 MCN on Qo 
Culture Glucose Lactate Pyruvate Acetate Formate 





-__ | LL 





Aer. indologenes 
Normal 1 : : 73 38 41 15 60 
Normalr+CN . 9 3 6 2 — 
Deficient1 . : 55 II 17 _ I 
Deficient1 + CN . _— _ 













of this organism are lactic, acetic and traces of butyric acid, 
ethanol, CO, and H,. Growth on a medium of low iron conten 
decreases all the products except lactic acid, which then forms th 
main fermentation product and may amount to 1°73 mols./mol 
glucose (see Table 4). 


TABLE 4° 








Media 























Low Fe. 0-4 mg./l. High Fe. 1-25 mg./l. 

Fe/mg. bacterial N. (mg.) . : "0005 0°0039 
Glucose fermented mM : : 1°00 I'00 
Lactic acid mM ; ; : 1°75 0°42 
Total vol. acids mM . : : 0°06 088 
Ethanol mM. : ; : 0°025 o'16 

O,mM . ‘ ‘ : ‘ 0°33 1°35 
H,mM . : ; P 0:38 1°93 






Carbon recovery, % 





255 






It has also been shown with another strain of Cl. welchii that 
fermentations carried out in an atmosphere of CO result in com- 


1 Waring & Werkman, 1944. 2 Ibid. 
* Pappenheimer & Shaskan, 1944. 
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plete inhibition of gas production and that lactic acid then forms 
70% of the fermentation products ; this effect is not reversed by 
light at intensities sufficient to reverse CO poisoning in the case 
of yeast.? 


Induced sulphonamide resistance 


It has already been mentioned that one of the most favoured 
explanations for sulphonamide action is its interference with the 
production of the essential growth factor p-aminobenzoic acid. 
Artificially induced sulphonamide resistance in vivo is accom- 
panied by the production in the resistant strain of greatly in- 
creased amounts of p-aminobenzoic acid. Thus a strain of 
Staphylococcus was rendered sulphonamide-resistant by repeated 
subculturing in increasing amounts of sulphonamide. After 130 
subcultures the organism produced maximal growth in the 
presence of 2 mg./ml. sulphapyridine, 1 mg./ml. sulphadiazine 
and o-5 mg./ml. sulphathiazole.? A resistant strain produced in 
this way was found to produce 70 times as much p-aminobenzoic 
acid as the parent strain, and the induced change was reported 
to be permanent.? 


Mechanism controlling polysaccharide production in type III pneu- 
mococcus 


The spontaneous dissociation of bacterial species into two 
strains with rough and smooth colonies has been shown in many 
cases to be due to the sudden loss of the power to form capsules, 
such organisms giving rise to rough colonies (R) whilst the smooth 
(S) forms retain the polysaccharide capsule of the parent strain. 

It was shown by Griffith‘ that if a small inoculation of living 
organism of R-nonencapsulated type II pneumococcus is injected 
into the subcutaneous tissues of the mouse, along with a heavy 
inoculum of heat-killed type I strain, the organism isolated is an 
S form carrying the type I capsule. The same result was achieved 
in vitro, showing that the living tissues of the mouse had no part 
in the change-over.® A further simplification was achieved when 
the intact heat-killed cells were replaced by extracts of cells dis- 
rupted by desoxycholate.® Twelve years later Avery, McLeod and 
McCartey used as a transforming agent a polymer of desoxyribose- 
nucleic acid prepared from mass cultures (50-75 1.) of type III 
pneumococcus. The substance was obtained in a high degree of 
purity by disintegration of the cells, removal of polysaccharide and 


1 Bacon, private communication. od Vivino & Spink, 1942. 
* Landy et al., 1943. 4 Griffith, 1928. 

6 Dawson & Sia, 1931, and Sia & Dawson, 1931. 

® Alloway, 1932, 1933- 
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protein and repeated precipitations with alcohol. The final pro- 
duct was identified as a polymer of desoxyribosenucleic acid by 
elementary analysis, action of the specific enzyme desoxyribose- 
nuclease, homogeneity in the ultra-centrifuge and the presence of 
a single substance of high electrophoretic mobility. ‘This sub- 
stance when added to a small culture of type II R pneumococcus 
with heated serum effected the transformation to pneumococcus 
with the type III capsule. The nucleic acid polymer was active 
in a concentration of 0-009—-0-0012 yg./ml.1 

It thus appears that a cell which has lost its power to synthesise 
a capsular polysaccharide can gain the power to synthesise a dif- 
ferent one by growing in the presence of a highly purified polymer 
of desoxyribosenucleic acid obtained from the homologous organ- 
ism. We do not, of course, know whether the initial loss involved 
in the change from § to R is due to the loss of a single enzyme 
in the chain of those necessary to synthesise the capsular material, 
or whether it involves the loss of the whole series of enzymes. The 
importance of the observation is that it carries irrefutable proof 
that nucleic acid controls enzyme production, a fact towards which 
converging evidence already pointed. It also shows that in care- 
fully controlled conditions a dividing cell can use a portion of 
nucleic acid polymer from a related organism to control the 
synthesis of a substance alien to itself and characteristic of the 
cell from which the nucleic acid was derived. 

Probably such interference could only be achieved with organ- 
isms whose nuclear material was loosely organised, but in any case 


it is a piece of experimental genetics whose significance it would 
be difficult to overrate. 


Temporary change in enzyme activity due to changes in growth: 
medium | 


many experiments recorded in his paper. 
g strain of Bact. aerogenes was grown o 
whey and the washed suspension of the organism added to xylos 
in the presence of chalk ; no fermentation occurred in 1 5 hours. 
A source of nitrogen was then added to the tubes (yeast water o 

1 Avery et al., 1944. 






* Karstrém, 1930. 
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ammonium sulphate) and fermentation set in 2 hours later. When 
the organism was grown in xylose broth and treated as before, 
fermentation set in immediately, whilst the fermentation of glucose 
as opposed to xylose occurred whether glucose was present in the 
growth medium or not. The glucose-fermenting enzyme, being 
apparently a constant constituent of the cell, is called “ constitu. 
tive,”” whilst the xylose-fermenting enzyme is “‘ adaptive.” 
Table 5 shows the relation of constitutive and adaptive enzymes 


TABLE 51 
FERMENTATION BY Betacoccus arabinosaceus 






Sugars subsequently fermented 
Glu- | Fruct- 








Mann- | Galact- | Arabin-| Suc- | Malt- | Lact- 

















ose ose ose rose ose ose 
Glucose, 2% + + “b ° ° ° ° ° 
Sucrose, 2% bh + — ° ° + ° ° 
Maltose, 2% + + _ ° ° + 4+ ° 
ose, 1% ~ «. + + — + ° + ° + 
Galactose, 0-8% + + _— + ° + ° ° 
Arabinose, 0°8% + + + _ + — — _ 
Carbohydrate-free 
medium ‘ + + + _— _— + + ° 






© = not fermented. — = absence of data. 


TABLE 6? 
FERMENTATIONS BY Bact. coli 


Sugars subsequently fermented 
Sucrose Raffinose Maltose Lactose 
Sucrose, 3% . 


Maltose, 1% .« 


Lactose, 1% . 


Sugar subsequently fermented 
Grown in 


Arabinose Rhamnose Glucose 


oo 


° 





o = not fermented. — = absence of data. 
1 Karstrém, 1930. 2 Ibid. 
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in Betacoccus arabinosaceus. Here lactase, galactozymase anc 
arabinozymase are adaptive and glucozymase and invertase con- 
stitutive ; the case of maltase will be referred to later. Witl 
Lactobacillus pentoaceticus (Betabacterium 20) glucozymase is adap- 
tive and arabinozymase constitutive. Bact. coli I showed the 
relations given in Table 6. 

Although we have followed Karstrém in his classification of 
enzymes into constitutive and adaptive, the distinction between 
the two is not quite clear-cut, as he himself was the first to point 
out. Thus in the case of invertase in dried preparations of Bact. 


1150 
1100 
1000 Growth media: | 
1. Broth agar 
900 2. Broth agar + 1% glucose 
3. Broth anaerobic 
4. Broth anaer. + 1% glucose 
aan 5. Broth anaer. + 1% galactose 
6. Lactate inorganic aerobic 
7. Broth anaer. + 1% glucose and 
galactose 
700 
w 
8 600 
S 
SN 
> 
500 500 
400 400 
300 
y 30 
3 
© 
200 S 
S 200 
N 
> 
100 100 
22 0 


Growth medium Growth medium 


Glucozymase Galactozymase 
Fic. 2 
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coli the enzyme is present on whatever substrate the organism is 
grown, but much increased when sucrose is present.! In the case 
of Bact. coli glucozymase is regarded as a constitutive enzyme, but 
it is nevertheless subject to fluctuations due to the growth medium. 
Fig. 2* shows that it is influenced both by conditions of aeration 
and by the addition of glucose or galactose. The two hexoses have 
an approximately equal stimulating effect on the enzyme produc- 
tion. Even in the case of galactozymase, which is classed as an 
adaptive enzyme, a slight fermentation of galactose occurs in the 
absence of substrate in the growth medium, but the effect of 


adding galactose is relatively much greater than in the case of 
glucose. 


Teleological considerations 


Since Karstrém’s paper the distinction between constitutive and 
adaptive enzymes has received considerable attention. It has 
become clear that the former comprise only a small proportion of 
the enzymic constituents of the cell and that these for the most part 
operate the breakdown of substances such as glucose, lactate, etc., 
most commonly found in the natural environments. Even so the 
quantity or activity of most constitutive enzymes is greatly in- 
creased when the cell is grown in conditions which oblige it to 
depend on the specific substrate for its growth. Enzymes attacking 
the less common substrates such as the rarer polysaccharides and 
sugars, chitin, creatine, citric acid, etc., do not form a permanent 
part of the cell. When the specific substrate appears in the environ- 
ment of the growing organism it exerts some influence on the 
developing enzyme proteins, resulting in the production of the 
enzyme able to adsorb and decompose it. Even so every bacterium 
cannot adapt to every naturally occurring compound, which im- 
plies that different organisms carry certain basal proteins which 
ean be modified during growth to form special groups of enzymes. 
The technique of selective media by which large numbers of soil 
organisms are placed in an environment where growth depends on 
the development of an enzyme able to initiate the attack on a 
particular compound is an application of this conception. The 
number of naturally occurring organic compounds of plant and 
animal origin is vast and the size of a microbe limited ; it is there- 
fore not surprising that the adaptive mechanism for the whole 
range is not contained within the limits of any one cell. 


The mass action theory of enzyme formation 


So far no mechanism has been put forward to explain the pro- 
duction of chemical adaptation. Yudkin* has, however, suggested 
1 Karstrém, 1930. * Stephenson & Gale, 1937 (1). 3 Yudkin, 1938. 
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that all cases of apparent enzyme production, resulting imme- 
diately from the presence of the substrate in the growth medium, 
are actually cases of enzyme increase, the amount present in the 
absence of substrate being so small that it may sometimes elude 
measurement ; this has since been proved in many cases. Sup- 
posing that every enzyme is directly formed from a precursor 
which normally forms some part of the cell protoplasm, there 
must exist an equilibrium between the precursor and the enzyme. 
On the addition of substrate combination takes place between it 
and the enzyme and more enzyme would be formed from the pre- 
cursor in order to restore the equilibrium. Yudkin points out that 
cases where enzyme production is increased by the products of 
enzyme action as well as by the substrate itself are in support of 
this theory, since in the cases where enzyme action can be shown 
to be reversible this is due to the combination between enzyme 
and the products of the reaction, and such a combination should 
affect enzyme production from the precursor just as does the 
combination between enzyme and substrate. Instances of this 
kind are the reported stimulation of diastase in A. niger by maltose 
as well as by starch, and the increase of yeast invertase by fructose 
and glucose as well as by sucrose.2* More recently it has been 
shown that an organism which becomes adapted to the oxidation 
of p-aminobenzoic acid by growth on that compound is equally 
well adapted by the presence of the N-acetyl derivative and by 
p-nitrobenzoic acid ; the former was deacetylated prior to oxida- 
tion by both adapted and non-adapted cells, but subsequently 
oxidised only by the latter. A much slighter but still definite 
adaptive effect towards p-aminobenzoic acid was obtained with the 
glycyl derivative and with the methyl ester and with p-toluic acid, 
but not with m-aminobenzoic acid. The o-isomer (anthranilic 
acid) does not stimulate the production of the p-enzyme but pro- 
duces the m-enzyme. It is interesting that the organism when 
grown in tryptophan produces the oxidative enzyme for anthranilic 
acid to the same extent as when grown on anthranilic acid itself. 
On the other hand the production of the p-enzymes is not stimu- 
lated by growth on the sulphonamides and sulphapyridine is not 
attacked by the organism adapted to p-aminobenzoic acid, nor 
does it prevent the oxidation of the latter by the adapted cells.* 


The relation between adaptive enzyme formation and growth 


In general, adaptation in the Karstrém sense is correlated with 
cell multiplication, but this is not an invariable rule. Dienert# 
1 Funke, 1923. * Euler & Cramer, 1913. 


A For more recent views see Spiegelmann, 1946. 
Mirick, 1943. 4 Dienert, 1900. 
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first reported the production of galactozymase without growth and 
his observation was corroborated and extended by following the 
production of the enzyme by cells in galactose and buffer, but 
with no source of nitrogen ; simultaneous cell counts showed that 
the appearance of the enzyme occurred whilst the cell numbers 
remained stationary.! 

Similar observations have been made in the case of formic 
hydrogenlyase,? tetrathionase* and several sugars. 4 

Although it is now established that adaptation can occur in the 
absence of cell multiplication, so far it has not been found to occur 
in the presence of growth inhibitors or cell poisons ;° nevertheless 
there is a suggestion in cells poisoned with U-V light that adapta- 
tion may occur in cells incapable of multiplication, i.e. that in 
partially poisoned cells power to adapt may survive power to 
reproduce. ® 

Some further light on this problem has been supplied by the 
adaptive enzyme tetrathionase, by which tetrathionate is reduced 
to thiosulphate in the presence of a suitable hydrogen donator, e.g. 
mannitol, according to the equation 


Na,98,0, + 2H —> Na,5S.,0, + His.0; 
Incubation with both tetrathionate and the donator is necessary 


> 


Unadapted 


Thiosulphate formed mi. "/000 T, per mi. 
nN 


° 





6; “7 1 2 
Hours 
Fic. 3.—Comparison of effects of temperature on tetrathionate 
reduction by unadapted and by adapted suspensions of Bact. 
paratyphosum B? 


1 Stephenson & Yudkin, 1936. _* Stephenson & Stickland, 1933 (1). 
% Knox & Pollock, 1944. 4 Hegarty, 1938. 

6 Stephenson & Yudkin, 1936. © Ibid. 

7 Pollock, Birtish J. exp. Path., 26 (1945). 
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Fic. 4.—Effect of temperature on tetrathionate reduc- 
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for full adaptation to occur, and it has been shown that this can 
take place without measurable increase in cell numbers or cell 
nitrogen or dry weight.* Adaptation in this case takes about 100 
minutes, after which the rate of reduction is linear with time and 
equal to the rate obtained starting with fully adapted cells 

The optimal temperature for reduction is 44° but adaptation at 
this temperature is very slow, the optimal temperature for the 


Pollock, Brit. ¥. exp. Path., 26 (1945). *Ibid. % Knox & Pollock, 1944 


ENZYME VARIATION AND ADAPTATION 303 


latter being 36-37°, which is approximately that for cell growth 
‘Figs. 3, 4 and 5). 

We may perhaps consider that adaptation or enzyme formation 
is a change in cell proteins governed itself by an enzyme A, the 
latter being a constitutive component of the cell present in minimal 
amounts in all cells of the strain. In most circumstances A remains 
combined or in equilibrium with a second protein or enzyme B 
forming the complex AB, which on dissociation gives A + B’, 
B’ being the adaptive enzyme. When a substrate S is present with 


300 


N 
o 
o 


Galactozymase activity sl .CO2/hr. 
3 
°o 


°6 1 2 3 
Days 
e—e Adaptation in galactose; a-—-a fresh F ethene added; 


m---m galactose replaced by water; O—O galactose replaced 
y glucose. 


Fic. 6 


vhich B’ can combine, the equilibrium AB = A + B’is shifted by 
he new equilibrium B’ + S = B'S, B’S finally dissociating into 
¥ + S’, S’ being the product of the enzyme action. This process 
n favourable circumstances continues’ till B is exhausted, when 
he maximum production of the adaptive enzyme has taken 
lace. 

Such a picture accounts for the facts observed but there are 
‘dditional ones which need to be considered. In the case of 
daptation of yeast to galactose, when the substrate S is removed 
‘t becomes exhausted the activity (or amount of) B’ (galacto- 
‘ymase) falls off and is restored by addition of fresh substrate 
galactose) S (see Figs. 6 and 7) but is brought rapidly to zero by 
fe addition of a new substrate c (glucose).? 

' It is conceivable that A can control the formation of a group of 


1 Stephenson & Yudkin, 1936. 2 Ibid. 
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enzymes B, C, D, catalysing the decomposition of several related 
substrates—say different hexoses—the amount of B, C or D being 


N Ww 
°o oO 
o °o 


Galactozymase activity ul.COs/ br. 
) 
o 


0 1 2 3 4 5 
Days 

e—e Adaptation in galactose; sareplacement of galactose 

by glucose; w++«m replacement of glucose by galactose. 


Fic, 7 


formed by A at any one time being finally controlled by a series of 
equilibria depending on the substrate present. 


The effect of oxygen tension during growth 


In general it appears that those enzymes which are active only 
aerobically are formed preferentially in presence of O,, whilst the 
reverse holds for anaerobic mechanisms. ‘Thus the oxidative 
deaminases for glycine and alanine are formed preferentially in 
aerobic conditions; those for serine and aspartic acid, which 
function best in anaerobic conditions, are formed best anaerobic- 
ally. ‘The oxidative deaminase for glutamic acid is an exception to 
this generalisation. The formation of formic hydrogenlyase is 
strongly inhibited by aerobic conditions and the glucozymase of 
Bact. coli is favoured by anaerobic conditions. | 


The effect of the pH of the growth medium 


It has been shown that Esch. coli can grow in media adjusted 
anywhere between pH 4:5 and 9°0,” but the reaction at which it is 
grown affects profoundly its enzymic make-up, the enzymes most 
affected being those concerned with nitrogen metabolism, viz. 
deaminases and decarboxylases, the latter being strictly adaptive. 
Broadly speaking, deaminases are formed between pH 7-0 and 8-0 
and decarboxylases between PH 6-0 and 4:5. In general the pro- 
duction of decarboxylase is optimal about one PH unit higher 


1 Stephenson & Yudkin, 1936. * Gale & Epps, 1942. 
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Temperature = 27° 


Generation time(min.) 


Temperature = 37° 





a 5 6 7 8 9 9-5 
PH of medium during growth 


Fic, 8.—Variation of generation time with growth 
DH (E£. coli)! 


han the optimal pH for the enzyme, which probably indicates 
hat the pH of the internal environment of the cell is about one 
init nearer neutrality than that of the medium. 
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Fic. 9.—Variation with pH of the activities of the enzymes of Esch. 
coli which attack /-glutamic acid* 


The production of the two enzymes of Aer. aerogenes attacking 
yruvic acid, viz. the phosphoroclastic enzyme and the carbinol 
azyme (see p. 82), is also governed by the pH of the medium, 


1 Gale & Epps, Biochem. 7., 36 (1942). * Gale, Bact. Rev., 1940, 4, 165. 
x 
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the former appearing only when the medium is neutral or alkaline 
the latter when it is acid. 

Gale and Epps have studied a number of enzymes in order t 
show how the optimal pH for the enzyme action is related to th 
optimal pH for its production. For this study the following defi 
nitions were made use of : 

pH of optimum activity : that pH at which an enzyme display 
its highest activity in washed suspension or in a cell-free state. 

Potential activity : the activity of an enzyme at its optimal pH 

Effective activity : the activity of a washed suspension or cell 
free enzyme held at the pH at which the organism is grown. 


300 Activi 


curve 


Potential and effective 
activities 0% 






260 
Growth pH = 9:1 


Growth pH=' 





100 
45 5 6 7 8 3 45 5 6 7 8 
PH of medium during growth Reaction pH 


Fic. 10.—Formic dehydrogenase varia- Fic. 11.—Formic dehydrogenase. 
tion of activity with growth pH! tivity pH curves for cultures gre 


e—e Potential activity (Qo.) BRR 7 ai 
x—x Effective activity (Qo.) o and 9°1 


o—o Potential activity (Qu) 


The enzymes studied fall into two groups, the first comprising 
those whose effective activity increases as the DH of the growth 
medium deviates from the pH of optimum activity of the enzyme. 
Thus during growth the loss in activity due to pH of the medium 
deviating from the optimal pH of the enzyme is compensated by’ 
the production of more enzyme, Six enzymes of this type were 
studied, viz. formic dehydrogenase, formic hydrogenlyase alcohol 
dehydrogenase, catalase, urease and fumarase. With the exce 
tion of the last the substrates of these enzymes are all potent 
poisons. Formate, for example, was shown to inhibit completely 


1 Gale & Epps, Biochem. F., 36 (1942). 
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the growth of Esch. coli at and below pH 6-2. The organism 
ippears to have developed two mechanisms for dealing with this 
widely spread metabolic product, viz. by formic dehydrogenase 
ind by formic hydrogenlyase. Formic dehydrogenase decomposes 
‘ormate aerobically and is highly efficient, being one of the most 
active dehydrogenases known and possessing an extremely high 
iffinity for its substrate. This enzyme is typical of group I, the 
fective activity being steady between PH 5:0 and 8:0 (see Fig. 10) 
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pH of medium during growth 


12.—Formic hydrogenlyase varia- 
ym of potential activity *—e and 


7 
Reaction pH 


Fic. 13.—Formic hydrogenlyase ac- 
tivity pH curve for culture grown at 
pH 7* 


fective activity x—x with growth 
p 


formic hydrogenlyase, on the other hand, is formed in anaerobic 
onditions and decomposes formate without the intervention of 
), or any hydrogen acceptor. Here the potential activity is highest 
t the pH where the substrate reaches its highest toxicity com- 
atible with the growth of the organism, viz. at pH 6:2.? 

In the second group of enzymes there is little or none of the 
ompensating effect found in group I. The enzyme is formed 
est when the organism is grown at or near the optimum pH of 
he enzyme. Enzymes falling into this group are hydrogenase, 
uccinic dehydrogenase, glucozymase, tryptophanase, aspartase 
nd the decarboxylases of arginine, ornithine, lysine and histidine 
nd the deaminases of alanine, serine and glutamic acid® (see 


‘igs. 14 and 15). 


1 Gale & Epps, Biochem. F., 36 (1942). 2 Tbid., 1942. 3 Tbid. 
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Temperature during growth 


In general, enzyme formation is presumed to occur best yeas. 
optimal growth temperature of the organism, but this is not o oe 
put to the test. In the case of the amino-acid decarboxylases 0: 
coli the enzymes are formed more prolifically at 27 than at 37°, 
this being attributable to their unusual thermolability. 


40 40 
35 
35 ® 
: z 
830 aoe 
= > 
S > 
25 < 
20 
20 : 6 7 8 
45 5 
45 5 6 THe eS 9 : 
pH of medium during growth Reaction pH 
Fic. 14.—Glucozymase. Variation of Fic. 15.—Glucozymase. Activity | 
activity with growth pH curve for culture grown at pH 7 
Qglucose = UI glucose disappearing 


/hr./mg. dry weight organism! 


Effect of carbohydrate in the growth medium 


The production of a large number of deaminases is inhibited to 
the extent of 95% by the inclusion in the growth medium of 29, 
fermentable carbohydrate. This has been shown in the case of 
the deaminases of glycine, alanine, glutamic acid, serine, aspartic 
acid, tryptophan and adenosine triphosphate. The possibility 
that this effect might be due to anaerobiosis was disproved by 
direct comparison, but the possibility that it was caused by pH 
change due to fermentation acids remained longer. This point 
has now been settled by growing the organism in broth at pH 7-0 
and 5-o and in the presence of 2% glucose, which brought the pH. 
to an average value of 5:2. Table 7 shows beyond doubt that in: 
the case of the deaminases and of ornithine decarboxylase the: 
effect is specifically attributable to the carbohydrate. 


1 Gale & Epps, Biochem F., 36 (1942). 
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TABLE 7} 


PorentiaL Activities oF Esch. coli WHEN GROWN IN CASEIN DIGEST ADJUSTED 
TO pH 7-0 OR 5°0 AND CONTAINING 2% GLucose (FINAL pH 5:2 AVERAGE) 


Potential activity in medium at 
Glucose 


pH 7-0 pH 5-0 | 2% glucose effect 


Hydrogenase ‘ . None 


Catalase . 2 . None 

Arginine decarboxylase None 

Lysine decarboxylase . None 

Histidine decarboxylase None 

Omnithine decarboxylase Inhibitory 

Alanine deaminase ‘ . Inhibitory 

Glutamic acid deaminase ibi 

Aspartase 4 

Serine deaminase 

Tryptephanase . 

Alcohol dehydrogenase 

Succinic dehydrogenase 

Formic dehydrogenase . 

Formic hydrogenlyase . 

Glucozymase s - | Glucose : Stimula- 
tory 





Influence of ‘‘ age’”’ of culture 

Much evidence has been accumulated to show that growing 
cultures show relatively high metabolic activity early in the 
logarithmic phase. This is based mainly on measurements of O, 
consumed and CO, and NH, eliminated per viable cell in culture 
growing in broth medium. Obviously measurements made in 
growing cultures are affected not only by enzyme variation in the 
ell but also by continuous change of substrate due to exhaustion 
of varying constituents of the medium, change in pH, accumula- 
‘tion of metabolic products, partial failure of oxygen supply due to 
overcrowding, etc. Hence to gain a true picture of the change in 
‘enzyme activity of the cell at varying age of culture the cells must 
be removed, centrifuged and washed and the activities of separate 
enzymes or enzyme systems determined and related to dry weight 
‘or total nitrogen of the cell. 
- The first reliable data along these lines were supplied by 
Wooldridge and his co-workers,” who showed that the activity of 
various dehydrogenase systems of Bact. coli varies with the age of 
‘culture reckoned from time of inoculation, being low in the early 
stages, 4-6 hours, and rising to a peak at 20-24 hours. ‘The varia- 
bility was not constant for all the enzymes studied and was not 
related to viability. Following this observation many workers 


1 Epps & Gale, 1942. ' 
2 Wooldridge et al., 1936 ; Wooldridge & Glass, 1937. 
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make it a practice when studying a bacterial enzyme to do a pre- 
liminary experiment to determine its variability with age of culture 
in order that the cells may be reaped in a state of optimal activity. 
In general it is found that cultures removed at the beginning of the 
log. phase have low activity which increases linearly and attains a 
maximum as growth ceases! (Figs. 16 and 17). It is not possible 


1000 
900 
800 


700 





ft) 4 8 12 16 20 24 26 
Hr. of growth 


Fic. 16.—Variation of deaminase activity with “ age ” of culture and 
conditions of growth; 1 in Ng, 2 in air, 3 in 2% glucose broth in 
N,, (4) growth curve (strain I)? 


to assign any single cause in explanation of these effects. In some 
cases it is due to the fact that the coenzyme is not present in 
optimal concentration’ throughout the period ; this is the case 
with the malic dehydrogenase of Bact. coli. Other factors may 
be removal of toxic substances, exhaustion of growth factors or 
other chemical changes in the medium. In the case of the aspar- 
tase of Bact. coli the organism was grown till aspartase activity was 
well developed. The cells were then removed and the medium 
resown and aspartase activity determined in the young culture ; 


this proved equal to a normal culture at the end of the growth 
phase.§ 


1 Gale, 1943. * Gale & Stephenson, Biochem. F., 32 (1938). 
3 Tbid., 1938. * Ibid. 5 Gale, 1938. : 


a Toxin: egg units/ml. medium. Egg units/mg. organism 
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It has been pointed out! that the enzymes which have low 
activity when the organism is dividing most rapidly are those con- 
cerned with catabolic reactions. It is conceivable that the enzymes 
predominating at that period are those catalysing synthetic pro- 
cesses and that there is a turnover to catabolic activity as the cell 
ceases to divide rapidly. 
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Fic. 17.—Variation with age of culture (Cl. welchit S 107) in medium containing 
0°45 % glucose at an initial pH of 7-5. Growth temp. = 37° 


General considerations 


It is impossible to exaggerate the importance of the variability 
of the bacterial cell or the desirability of studying the laws regula- 
ting it. Biochemically, bacterial cells are the most plastic of living 


' material, even as compared with other micro-organisms which have 


developed a more regulated hereditary mechanism. Higher 
animals and plants have in addition elaborated machinery for 


maintaining a constant environment, any severe disturbance in 
which is reflected in immediate pathological symptoms. The 


we 


bacterial cell, by reason of its small size and consequent relatively 


‘large surface, cannot develop by maintaining a constant chemical 


environment, but reacts by adapting its enzyme systems so as to 
survive and grow in changing conditions. It is immensely tolerant 
of experimental meddling and offers material for the study of pro- 


1 Gale, 1943. 2 Gale & van Heyningen, Biochem. 7., 36 (1942). 
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cesses of growth, variation and development of enzymes without 
parallel in any other biological material. Other living forms have 
long passed their experimental stage and have evolved relatively 
satisfactory stable systems ; biochemically speaking the stages of 
their evolution are unknown to us. But with bacteria constant 
evolutionary changes occur under our eyes and can be controlled 
and imitated in the laboratory. Bacterial studies pay the highest 
dividends on biochemical investigation. 


APPENDIX 
MEDIA 
CHAPTER II 


MepiuM I.? (For the isolation of methane bacteria) 
NH,Cl : . : P es 
K.HPO, . : ‘ : . 0°04 g. 
MgCl, ; : : : . Ol g. 
Organic substrate . : F . I-2g. 
Tap water . ; : : . roo ml. 


pH. : : ; ; wate 
CHAPTER III 


Mepium 1.2 (Cellulobacillus myxogenes) 
(NH,):SO, . ; : : “eer g* 


Malar Clay ) is : : q 7 Boe 
MgSO, : ; , : r, MRS 
NaCl . : é ; ; ids 0°5| 
Cellulose. 3 ; : Le 50a 
Water . ‘ . ‘ . rooo ml. 


The same medium is used for plates with 1-1:5% agar. 


_ The preparation of cellulose® 

Into a 2-l. flask put 100 ml. conc. H,SO, and 60 ml. H,0; cool to 
60°; add 5 g. filter paper previously moistened, shake till the cellulose 
dissolves and then dilute quickly to 2 1.; the precipitated cellulose is 
filtered through a pleated filter and then thoroughly washed first with 
tap and then with distilled water. 


CHAPTER IV 


Mepium I. (Yeast water) 


Extract 100 g. yeast with 1000 ml. boiling water in a steamer for 1 hr. 
Filter and adjust the pH. If cloudy filter again through Kieselguhr, add 
any additional source of carbon, e.g. glycerol, and make up to 2000 ml. 


Mepium II. (Lebedev Juice) 

Wash 5 kg. brewer’s bottom yeast till the wash water is clear, finish 
on a Buchner funnel. Dry at 25-30°, using a fan, till it crumbles in 
1 Barker, 1936. 2 Simola, 1931. 3 Scales, 1915. 
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i ire si i d store. 
the fingers; rub it through a wire sieve and finish drying an S 
100 a yeast is incubated with 300 ml. water for 3 hr. at 37° and 
filtered into a vessel surrounded with ice. 


Mepium III.1 (Cl. acetobutylicum) 


K,HPO, . ; : : . 005% 
HPOT a : : : 7 OOS, 
MgSO,.7H,O . : : ~ 00275 
MnSO,.7H,0O . : - . O001% 
Glucose : : F ; Pe hy 2s 
Asparagine . . 4 oP lee te 
Tryptic digest of casein : ee 4" 
Tryptic digest of liver . ; + 825 


equivalent to 2°5°% of fresh liver 


CHAPTER VII 
MepiuM I. (Koser and Rettger)? 


NaCl . i A : : aie 5 0 eee 
MgSO, : ; : A - O28. 
CaCl, . : : : : = Oe 
KH Ow 2 : ; Emcor: 
K,HPO, . ; , : - ee 
Glycerol. - : : « -3'O g: 
Water (ammonia-free) . = - 1000 ml. 


Various nitrogenous compounds in the proportion of 1%. 


Mepium II. (Friedlein)? 


NH,Cl 5 g. 
Na,SO, ; 5 g- 
MgSO, : : ‘ : ol g. 
Potassium phosphate mixture 2'0 g. 
Water . 1000 ml 


Carbon compounds in varying concentrations. The same medium 
was used with 1% sodium lactate and varying concentrations NH,Cl, 
in this case 1°, NaCl was added. 


Mepium III. (Braun and Cahn-Bronner)4 


NaCl . ‘ : : - Pa ye 

KH POO : , . oy aig? 

Ammonium lactate : : = Og: 

Water . : : : : - 1000 ml. 

Reaction adjusted with . ; Ne Cues 
1 Davies & Stephenson, 1941. * Koser & Rettger, 1919. 


5 Friedlein, 1928, * Braun & Cahn-Bronner, 1922. 
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Mepium IV.! (B. typhosus) 


Sodium citrate. , - 7-4 Pe 
MgSO,.7H,0 . I g. 
NH,Cl (added separately) re VS 2, 
Glucose (added ee) , + Gaxe: 
Water . ; 1000 ml. 


Various amino-acids, o- cpehe Cystine; O° Peon Tryptophan, 0-002%,. 
(Final concentrations. ) 


Mepium V. (“ Ammonia medium ’’)? 


4. ls 6 < : ; » 4°95 ¢. 
N/1 NaOH . ; A : E720 tl. 
NH,Cl . , ; ; 7 Ong, 
(NH,).5O, ° . : . . o's g. 
Water . : é . : . 600ml. 


The above quantities make 1000 ml. of finished medium; 6 ml. is 
tubed into each test tube and autoclaved ; to each test tube are added 
the following quantities of sterile solutions : 


M/60 MgSO,.7H,0 . ’ ‘ : . orm. 
M/2 Sodium lactate ; ; . o5 ml. 
M/2 Glucose (sterilised by filtration) ; . 025 ml. 
M/z NaHCO, (sterilised by filtration) . Ors IDI: 


Distilled water to final vol. 10 ml. 


The pH of the basal medium after autoclaving is 7:6; the addition 
of the bicarbonate raises this to 8-0 ; the final adjustment i is effected by 
the conditions of incubation. 


Mepium VI. (Wildiers’ Yeast Medium)® 


Cane sugar . : : ; s) 100 ps 
MgSO, , , ; 3 7 28-2. 
KCI .s : , : ; a 25 g. 
NH,Cl : : : ; ge RPS 
Na,HPO, . : : ‘ peal 2. 
CaCO, : ; ; : . 0's 9. 
Water . ; , . 3 . Iooo ml. 


Mepium VII.‘ (General use) 
KH,PO, ; ; ; sf OE Fi 


MgSO,.7H,O . i ; ory g. 
NaCl . ; ; , ik oe 
(NH,),HPO, ; ; ; se 
FeSO,.7H,O . ‘ . 0°03 g. 
Water . . 1000 ml. 
PH adjusted to individual requirements. 
1 Fildes, Gladstone & Knight, 1933. 2 Gladstone, 1937. 


* Wildiers, 1901. Stephenson & Whetham, unpublished. 
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CHAPTER VIII 


Mepium I.! (CI. pastorianum) 


Potassium phosphate. ; - 12% 
MgSO, : ; A oly Ae 
NaCl, FeSO,, MnSO, 2 : . traces 
CaCO, (sometimes used) 

Glucose ; : ‘ - « 12078, 
Water . ; : : : . ooo ml. 


Mepium II.2 (Azotobacter) 


K,HPO, . : : : oy OF 51D 
Mannitol . ; : ; ie 2Ore. 

or 
Ca, K or Na propionate : ey + 
Reaction slightly alkaline 
Tap water . ‘ : - 1000 ml. 


Mep1uM III. (Azotobacter) 


K,HPO, os5 2g 
MgSO, : F . : oO" Rig 
NaCl . . : ; : On 
Fe,(SO,)3 , Oss 
Aluminium oxide . ; ‘ a O-Ree 
CaCO, - : : : ene. &. 
Glucose or mannitol . ; 2070. 
Water . : : 7 : - Iooo ml. 


Meprum IV.‘ (Azotobacter) 
K,HPO,: . : k : OO Bi 


BESPO Nee < P : « (02.9. 
MgSO, : R : : Oca Be 
NaCl . ‘ : : : - ~ O12 g, 
CaSO, * ‘ : : A et aye 
Fe.(SO,), : : : ere Ol 
Glucose ; : ‘ : - I0'Og. 
Water . 3 ‘ ; : - Iooo ml. 


Mepium V.° (Nostoc) 
MgSO,.7H,O . : < = Of2 2. 
NaCl vse 2.0! 2G aed 
CasG7, 2H,0 : : : peg pet uy 
FeCl, .6H,O A : : - 0°005 g. 
CaCo. : - : : -) OS 


Water . : - : é - 1000 ml, 
1 3 Winogradsky, 1893. 2B 
8 Kostytschew et al., 1926. narra ok pe 


5 Allison & Hoover, 1935. 
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CHAPTER IX 


Mepium I. (Nitrosomonas) 


A. Concentrated stock solution of salts 


(NH,4).SO, . 208 
K,HPO, ; - : ork 
KH,PO, . ; ; ; e525: 
FeSO, .7H,O oI g 
MnSO,.7H,O . : : o-rr g: 
MgSO, .7H, , : F s) 4 & 
CaCl, . 3 : ; ; . O'2 mg. 
Water . , H : : . rooml. 


Dilute 1/100 in tap water for liquid media and for dialysing plates. 


Mepium II. (Nitrobacter) 


Same as A, substituting NaNO, for (NH,4).SO,. 


Mepiun III. (Silica Jelly Plates) 


A. As above for Media I and II. 

B. HCl 30% v/v. 

c. Na,SiO,.9H,O . é ‘ Pia oy A 

or 

Na,SiO, anhydrous 7 ; ~ 85% 

D. Acid solution 
AtorAl . 7 , P jy 20m. 
B ‘ ; : , ; . 300 ml. 
Bromthymol blue 0:04% 5 ml. 
Distilled water ; 300 ml. 


Put about 0-2 g. sterile CaCO, in each sterile Petri dish. Pipette 
20 ml. of C into a beaker and run D in from a burette till neutral 
about pH 7-4). Immediately pour the contents of the beaker into a 

etri dish. The gel sets in about two minutes. Batches of 25 plates 
are then put in a deep jar and dialysed against liquid medium kept 
stirred by a stream of bubbles. The liquid medium is changed fre- 
quently until almost free from chloride. The plates may be sterilised 
by wrapping in a towel and autoclaving at to lb. pressure for 15 minutes 
or the surface may be flamed.’ 


1 For further details see Hanks & Weintraub ( 1936), ¥. Bact., 32, 639 and 
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Mepium V.! (Thiobacillus thioparus) 


Na,S,0,.5H,O . ; : pots Oe 
(NH,)25O, .- : ; : oOo 
K.HPO, : ; : a Ores 
CaCl, . ; ‘ ‘ ) + 1 OS25 ga 
MgSO,.7H,O . : - PeKOn ee 
FeSO, : F : : . O*Ol g. 
Water . . : ; : . Iooo ml. 
pH 7:0. 

Mepium VI.?_ (Thiobacillus denitrificans) 
Powdered ae eee S d =) akOO'D 
KNO, : : - a5 0°52) 
Na,CO, : : . : ILO Be: 
CaCO, ; : : . oa Be 
K,HPO7 sae : ; ; 7 Oe 
Ditch water . : - t . Iooo ml, 


Mepvium VII.* (Thiobacillus denitrificans) 
Na,S,0;.5H,O . ; : ~ ee 
KNO, : ; : : ee ie 
NaHCO, . : : : « OL, 8 
K HPO Fras : ‘ , a Orage, 
MgCl, F : : F a Otis 
CaCl, and FeCl, . ; : - tracea 
Water . : ; : : - Iooo ml, 


Mepium VIII.* (Thiobacillus thio-oxidans) 


(NH,).SO, . ; : - 702s 
MgSO,.7H,O . : : - O°I-0'5 g. 
FeSO, ; A : : + OO pg, 
CaCl, : ; : : me O28 oe 
KH PO, A , ‘ - 3-5g. 
Powdered sulphur : : =) LOI. 
Water . : : : - 1000 ml. 


Mepium IX.° (For sulphur organisms of group VI) 


Na,S,0,  . : ‘ : a. O'R 
K,HPO, . , : : ao hs 

BH POD ; : ; 4g. 

CaCl ee : : pew Foe eS 
MgSO7; 7H,0 >, : ; . OL g. 
(NH,).SO, . : : : me Orh oe 

FeCl, .6H,O : ; : - O02 g. 
MnSO,.7H,O . F ; - 0702 g, 
Glucose or asparagine. : . I-5g. 

1 Starkey, 1935 (1). * Beijerinck, 1904. 8 Lieske, ror2. 


$ Waksman and Starkey, 1912. 5 Starkey, 1934 (1). 
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MepiuMm X.! (Leptothrix ochracea) 


Agar . : P : : . Io 
Manganese acetate : 3 are wi 
Water . : - 3 i - ooo ml. 


MepiuM XI1.! (Leptothrix ochracea) 


Manganese bicarbonate sat. sol. . 100 ml. 
NaHCO, . . ; : - Orolg. 
(NH,),SO, . ; A ; . OOl g. 
KH,PO, and MgSO, . : . traces 
Water . : 1000 ml. 


The manganese bicarbonate is prepared by passing CO, into a sus- 
pension of manganese carbonate and filtering. Growth is not obtained 
on a saturated solution ; it is therefore diluted 1 in 10 (as shown above) 
before use. 


Mepium XII.* (Spirophyllum ferrugineum) 
(NH,).SO, .- : ; 2 he eH 
MC x ; . : : . Os g. 
MgSO, ‘ : ; : . 0°05 g. 
K,HPO, ; ‘ , . O05 g. 
Water . : : , : . rIooo ml. 

The medium is sterilised in 100 ml. lots in small Erlenmeyer flasks, 
the layer of liquid being about 2 cm. deep. After sterilisation the 
flasks stand at room temperature for two days to absorb atmospheric 

es. Iron may be added, previously sterilised, either as iron wire 
or as iron carbonate; in both cases the presence of CO, results in the 
formation of ferrous bicarbonate. The organism develops in an atmo- 
sphere consisting of ordinary air and 1% CO,. Incubation at 6°. 


Mepium XIII.* (B. pantotrophus) 


KH.PO, .+ 7 ; : , 1O5 @, 
MgSO, ; . , - i) o2 g. 
NH,Cl : , : ° Sy. Af0'g: 
NaHCO, . é ; ; Pree 
FeCl, . : ; ; : .. trace 
Water . - : ; ; . rooo ml. 


Mepium XIV.‘ (B. pyenoticus) 


NaHCO, . . : ; I'o g. 
NH,Cl ; , ; ; f, DO.g. 
KH,PO, . ; ° ; . Og. 
MgSO, , ‘ ‘ ; a Ok 8. 
NaCl . Es : ; ; OL &. 
Water (glass distilled) . ; . 1000 ml. 


This medium is sterilised by filtration through a candle. 
2Ibid., 1911.  * Kaserer, 1906. 4 Ruhland, 1924. 
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Mepium XV.! (B. oligocarbophilus) 
KHPOF 2 , ; , a Others 


NaNO, : ; ‘ : Kak op #2 
ra! oe re 

€ é F : ‘ : : 

Wateni : ; : , . 1000 ml. 


A supernatant atmosphere saturated with formic acid. 


CHAPTER X 
Mepium I.? (Thiorhodacee) 

NH,Cl : ; . : ee are 
K.HeEOl ee : : : oO! 
MgCl, : : : : Odi 
NaHCO, . , : : He ey 2 
Na,S .gH,O ; ‘ , . Fo gi 
Water . : ; : - . 1000 ml, 


pH 8-8-5. Continuous illumination by 50-100 watt lamp at 20-30 
cm. Incubation 25-30°. 


1 Lantzsch, 1922. 2 van Niel, 1931. 
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ACETALDEHYDE, condensation of, to 
acetoin, 80 
— dismutation of, 108-10 
— in fermentation, 70, 101 
— in Neuberg’s scheme for alcoholic 
fermentation, 73-6 
— in nitrification, 254-5 
acetaldehyde dehydrogenase, 109, 292 
acetic acid, as source of carbon, 184 
—  — as substrate for photosynthetic 
bacteria, 281-2 
— — condensation of, to butylene 
glycol, 80 
— — — — to succinic acid, 87-8 
— — effect of, on butylic fermenta- 
tions, 92-3 
— — — — on fat production, 216-17 
— -— in Neuberg’s scheme for alco- 
holic fermentation, 74 
— — oxidation (incomplete) of, 33-4 
— — — of glucose to, 56 
— — production of, in acetic fermen- 
tation, 103-10 
— — —— in butyric fermentation, 
89,93-4 
——-—-— in Cl. pastorianum fer- 
mentation, 221 
— — —— in Cl. welchii fermenta- 


tion, 296 
——-— -— jin E. coli fermentation, 
45,77 ry 
— — — — in fermentation of citric 
acid, 84 
—--— TT of dihydroxyace- 
tone, 83 
— — — — in lactic fermentation, 97 
— — — — inpropionic fermentation, 


5 
— — reduction of carbon dioxide to, 
55-6 A 
acetoacetic acid, butyric fermentation 
of, 89-92 
— — decarboxylase, 91 


Acetobacter pasteurianum, cytochrome. 


in, 22 et 
— peroxydans, oxidising system of, 


o-1 
—_ SF te alcoholic fermentation 
by, 110 
— xylinum, cellulose of, 57 
acetoin, as hydrogen acceptor in syn- 
thesis of succinic acid, 88 . 
— production of, by acetic bacteria, 
106 
— — — in fermentations, 77, 80, 89 


acetone, and growth of B. oligocarbo- 
philus, 270 
— effect of, added to butylic fermenta- 
tions, 94 
— production of, in butyric fermenta- 
tions, 89, 93-4 
Achromobacter stutzeri, oxidation of 
thiosulphate by, 262 
Actinomycetes, levan of, 58 
adenine, as growth factor, 212 
— deamination of, 158 
— in nucleic acids, 145-6, 150, 154-6 
adenosine, as co-enzyme for aspartase, 
124 
— as phosphate carrier in fermenta- 
tion, 69 
— deamination of, 158 
adenylic acid, as growth factor, 212-13 
— deamination of, 158 
adonitol, as source of carbon, 186 
— oxidation of, to adoninulose, 106 
Aerobacter aerogenes, enzymes of, 305 
— — fermentations by, 80-4 
— — iron requirement of, 293 
— indologenes, iron-containing en- 
zymes of, 81 
— — iron requirement of, 293-4 
— levanicum, levan of, 59 
— polymyxa, production of acetoin 
by, 80 
aerobes, cytochromes in, 24-5 
age of culture, effect of, on butyric fer- 
mentations, 90-1 
———— — on lag phase of growth, 
163-5 
—— on metabolic activity, 
309-11 
alanine, as essential amino-acid, 212 
— as growth factor, 215 
— as hydrogen donator for anaerobes, 
46, 125-6 
— deamination of, 122, 304, 307-9 
— dismutation of, 126 
— transamination with, 142 
alcohol-aldehyde system, potential of, 


9 
sianiilo fermentation, 68~77, 97-102 
— — energy relations of, 102 
alcohols, as sources of carbon, 185 
— oxidation of, 30, 103 
aldehyde mutase, 31, 109 
— oxidase, 27 
aldehydes, dismutation of, 44 
— oxidation of, 103 
aldolase (or zymohexase), 71 
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384 
alge, metabolism of molecular hydro- 
gen by, 283 
— nitrogen fixation by, 223 
alginase, s F 
alginic acid, 65 
anton anaerobic breakdown of, 56 
amides, as sources of carbon and nitro- 
gen, 190 
amines, as sources of carbon and 
nitrogen, 183, 186-7 __ 
— production of, from amino-acids, 
135-9 
amino-acid requirements of bacteria, 
211-12 
amino-acids, as hydrogen acceptors 
and donators, 46-7, 125 
— as sources of carbon and nitrogen, 
188-9 
— breakdown of, 121-42 
— oxidation of, to keto-acids, 26 
p-amino-benzoic acid, and resistance 
to sulphonamides, 208-10, 295 
— — as growth factor, 207-10 
— — organisms adapted to oxidation 
of, 300 
g-amino-butyric acid, deamination of, 
122 
amino-polypeptidases, 112-13 
ammonia, as intermediate in nitrogen 
fixation, 237 
— as source of nitrogen, 182 
— effect of, on biotin-deficient yeast, 


206-7 
— inhibition of nitrite oxidation by, 
248-9 
— —— nitrogen fixation by, 221, 
229, 235-6 


— liberation of, by deaminases, 140 

— oxidation of, 241 

amyl alcohols, production of, from 
leucine, 3 

amylase, 62, III 

anaerobes, absence of cytochromes 
from, 20, 24-5 

anaerobic respiration, 34-56 

anaerobiosis of photosynthetic bac- 
teria, 278-9 

aneurin (vitamin B'), as growth fac- 
tor, 195, 200-1 

anisaldehyde, dismutation of, 110 

antibiotic, onion juice as, 4 

— polypeptides of B. brevis as, 120-1 

antigens, bacterial, 57, 60-1, 115 

apoenzymes, of amino-acid decarboxy- 
lases, 138 

arabans, 65 

arabinose, as source of carbon, 186 

— fermentation of, 76, 297 

— oxidation of, to arabonic acid, 105 

arabinozymase, 298 

arabitol, oxidation of, to arabinulose, 
104 
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arginase, 134, 291 ; ; 
arginine, as essential amino-acid, 212 
— breakdown of, 133, 135 
— deamination of, 122 
arginine decarboxylase, 135-9, 307, 
309 : 
arginine-exacting mutant of Neuro- 
spora, 291-2 
ascorbic acid (vitamin C), and reduc- 
tion of oxyhemoglobin, 49 
— — — — of polyphenols, 28 
— — system, potential of, 39 
ash, bacterial, composition of, 180 
asparagine, as essential amino-acid, 
212 
aspartase, 123-4, 307, 309-10 
aspartic acid, and nitrogen fixation, 
237 : 
— — as essential amino-acid, 212 
—  —as hydrogen donator for anae- 
_ robes, 46 
—  — as source of carbon and nitro- 
gen, 189 
— — deamination of, 122-4, 304, 309 
— — effect of, on _ biotin-deficient 
yeast, 206 
— — transamination with, 141-2 
aspartic-fumaric equilibrium, 123 
Aspergillus niger, 241 
— — glucose oxidase of, 26 
— oryz@, purine nitrogen of, 144 
Athiorhodacea, 279-86 
Atmungsferment, identity of, with 
cytochrome oxidase, 21 
autotrophic bacteria, 181-2, 241-76 
avidin, 204-5 
oe inhibitions by, 21, 29, 34, 207, 
27 
Azotobacter, adenosine triphosphate 
in, 156 
— agilis, 222 
— chroococcum, 222-4 
— cytochromes in, 25-6 
— vinelandii, 228 
— — transamination by, 141 


B VITAMINS as growth factors, 194-5 
Bacillacee, amino-acid decarboxy- 
lases of, 136 
Bacillus acidophilus, absence of cyto- 
chromes from, 25 
— — formation of hydrogen peroxide 


by, 30 
— anthracis, ash of, 180 
— — cytochromes in, 25 
— — nucleic acid of, 148 
— — protein capsule of, 121 
— — spore formation by, 21 
— botulinus, see Clostridium botulinum 
— brevis, antibiotic polypeptides of, 
120 


INDEX 


Bacillus bulgaricus, production of hy- 
drogen peroxide by, 30 

— cellulose dissolvens, 65 

— coherens, spore formation by, 218 

— coli, see Escherichia coli 

— de la fléole, purine nitrogen of, 144 

— denitrificans, cytochromes in, 25 

— dysenteriae, cytochromes, 25 

— — transamination by, 141 


— enteriditis, 116 
— fluorescens, see Pseudomonas fluo- 
rescens 


— herbicola, sources of carbon and 
nitrogen for, 184-92 
— histolyticus, see Clostridium histoly- 


ticum 
— lactis acidi, riboflavin as growth fac- 
tor for, 202 
— macerans, breakdown of starch by, 
63 
— megatherium, cell size and growth 
phase of, 160, 162 
— — fat content of, 217 
— — germination of spores of, 219 
— mesentericus, cytochromes in, 25 
— — germination of spores of, 219 
— — levan of, 58-9 
— methanicus, 270 
— methylicus, 270 
— mucosus, fat content of, 217 
— mycoides, cytochromes in, 25 
— — deamination by, 122 
— — levan of, 59 
— — sources of carbon and nitrogen 
for, 184-92 
— oligocarbophilus, 269 
— pantotrophus, 267 
— polymyxa, levan of, 59 
— — sources of carbon and nitrogen 
for, 184-92 
— proteus, see Proteus vulgaris 
— pullorum, amino-acid requirements 
of, 182 
— pycnoticus, 267 
— pyocyaneus, see Pseudomonas eru- 
ginosa 
— radicicola, see Rhizobium 
— ramosus, proteases of, 117 
— sporogenes, see Clostridium sporo- 
enes 
— subtilis, amino-acid requirements 
of, 182 
— — breakdown of nucleic acid by, 


152 
— — — of tryptophan by, 131 
— — cytochromes in, 24-5 
— — germination of spores of, 219 
— — growth rate of, 172 
--— Sonn of, 58-9 
— — polypeptide excreted by, 121 
— — production of gelatinase by, 115 
— — proteases of, 117 
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Bacillus subtilis, purine nitrogen of, 
- 154-5 

— — reduction of selenite by, 52 

— — spore formation by, 218 

— — total crop of, 174-6 

— suipestifer, total and viable counts 

of, 167-70 
— tetani, see Clostridium tetanum 
— thiocyan oxidans, 262 


— tuberculosis, see Mycobacterium 
tuberculosis 
— vulgare, sources of carbon and 


nitrogen for, 184-92 
— vulgatus, sources of carbon and 
nitrogen for, 184-92 
— welchii, see Clostridium welchit 
Bacteriacee, proteolytic enzymes of, 
III 
Bacterium aceti, oxidation by, 103, 105 
— acetosum, oxidations by, 105 
— aerogenes, fermentation of xylose 
by, 296-7 
— — sources of carbon and nitrogen 
for, 184-92 
— aertrycke, ash of, 180 
— — nucleic acid of, 148 
— — purine nitrogen of, 156 
— alcaligenes, incomplete oxidations 
by, 33 } 
— ascendens, dismutation of acetalde- 
hyde by, 107-8 
— — enzymes of, 109 
— — oxidations by, 105 
— cloacae, proteases of, 118 
— dispar, enzymes of, 81 
— freundii, fermentation of glycerol 
by, 83 
— gluconicum, oxidations by, 105 
— kutsingianum, oxidations by, 105 
— lactis aerogenes, effect of carbon 
dioxide on growth rate of, 
174 
— — — fermentation of glycerol by, 
82-3 
— orleanense, dismutation of acetalde- 
hyde by, 108 
— — oxidations by, 105 
— paratyphosum A, cytochromes in, 
25 
— — B, cytochromes in, 25 
— — — growth of, on varying con- 
centrations of substrate, 193 
— — — reduction of tetrathionate by, 
301-2 
— pasteurianum, alcoholic fermenta- 
tion by, 110 
— — cytochromes in, 25 
— — dismutation of acetaldehyde by, 
108 
— — oxidations by, 105 
— prodigiosum, see Chromobacter pro- 
digiosum 
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Bacterium rancens, oxidations by, 105 

— typhi, ash of, 180 | 

— typhosum, amino-acid requirements 
of, 182 

— — cytochromes in, 25 

— — nucleic acid of, 148 

— — rhamnose-fermenting 
of, 287 

— — sources of carbon for, 192 

— — transamination by, 141 

— — tryptophan-exacting strains of, 
132-3 ; 

— typhosum (of mice), nucleic acid of, 

150 

— vini aceti, oxidations by, 105 

— vulgare, deamination by, 122 

— xylinoides, oxidations by, 105 

— xylinum (sorbose bacillus), action 
of, on hexose, 110 

— — cytochromes in, 25 

— — dismutation of acetaldehyde by, 
108 

— — oxidations by, 103, 105 

Beggiatoa, 256 

Betabacterium vermiforme, dextran of, 

8-9 

Beraincnn arabinosaceus, dextran of, 
58-9 

— — enzymes of, 297-8 

Biotin, as growth factor, 203-7, 290 

— structure of, 203 

Brucella abortus, p-amino-benzoic 

acid and, 208 
butanol, as source of carbon, 195 
— production of, in butyric fermenta- 
tions, 89, 93-4 
butyl fermentation, 88-95 
butylene glycol, in fermentations, 77, 
° 

— — oxidation of, to acetoin, 106 

butyric acid, added to butyric fer- 
mentations, 94 

—-—and growth of B. oligocarbo- 
philus, 270 

— — as source of carbon, 134 

— — as substrate for photosynthetic 
bacteria, 280-2 

— — origin of, in butyric fermenta- 
tions, 93 

— — production of, in butyric fer- 
mentations, 89, 93-4 

——-——in Cl. pastorianum fer- 

mentation, 221 
butyric fermentation, 3, 88-95 


mutant 


CALCIUM, and nitrification, 244, 246 

— and nitrogen fixation, 230 

— effect of, on production of gela- 
tinase, 115 

— in bacterial ash, 180-1 

capsules, bacterial, 57, 60 


INDEX 


carbohydrates, and anaerobiosis, 44 
— as sources of carbon, 186 
— fermentation of, 68-110 
— inhibition of production of deami- 
nases by, 134, 308 
— — — — of proteases by, 111 
carbon compounds, and growth of 
Athiorhodacee, 279-81 
— — inhibition of nitrification by, 
243, 249, 250-3 
carbon dioxide, and growth of S. 
hemolyticus, 213 
— — effect of concentration of, on 
growth rate, 173-4 - 
— — fixation of, by B. pantotrophus, 
267-9 
— — — — by Beggiatoa, 256 
— — — — by Chlorella, 224 
——-—w— by Leptothrix ochracea, 
263-5 
—— — — by photosynthetic bac- 
teria, 278-9, 281, 284 
— — — — by Spirophyllum ferrugi- 
neum, 265-6 
———-— by Thiobacillus denitrifi- 
cans 259 
— — — — — novellus, 261 
--—--- thio-oxidans, 260, 
272-6 
—-— thioparus, 257-8 
— — — — by Thiothrix, 256 
— — — — in fermentation, 86 
— — — — if Ritrifiesnony aan, eee 
—— production of, by amino-acid 
decarboxylases, 140 
—-—-—-— in butyric fermentation, 
_ 88-9, 93-4 
——-—-—in Cl. pastorianum fer- 
mentation, 221 
——-—-—in Cl. welchii fermenta- 
tion, 294 
—-—-—-—in E. coli fermentation, 
77 
—— — — in fermentation of citric 
acid, 84 
———-—in piri fermentation, 


5 

— — reduction of, 52-6 

carbon, heavy, and acetoin produc- 
tion, 80 

—-— and butyl alcohol fermenta- 
tions, 93 

— — and fixation of carbon dioxide 
as succinic acid, 86 

— — and reduction of carbon dioxide 
to acetic acid, 56 

—-—and reversible breakdown of 
pyruvic acid, 79 

—-— and synthesis of succinic acid 
from acetic, 88 

carbon monoxide, inhibition of cyto- 
chrome oxidase by, 21-22, 24 


INDEX 


carbon monoxide, inhibition of nitro- 
gen fixation by, 239 
— — — — photosynthesis by, 283 
— — —— respiratory system of L. 
delbriickii by, 97 
— — lactic acid production by Clo- 
stridia in presence of, 95-6 
— — oxidation of, 269 
— — reduction of, to acetic acid, 55 
carbon, radioactive, and cell synthesis 
from carbon dioxide, 54-5 
— sources of, 182-92 
carboxylase, 68, 72, 110 
carboxypolypeptidases, 112-13 
carotinoids, of photosynthetic bac- 
teria, 286 
casein, action of proteolytic bacteria 
on, 118 
catalase, 28-31, 49, 199, 292-3, 306, 
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catechol oxidase, 27-8 
cathepsin, 112, 115 
cell, disruption of the bacterial, 16, 32, 
116, 122, 295 
— division, and nuclear material, 148, 
150 
cellobiase, 63-4 
cellobiose, 63-4 
cellulase, 63-4 
Cellulobacillus myxogenes, cellulase of, 
64 ; 
cellulose, bacterial, 57 
— breakdown of, 63 
— fermentation of, 52 
Chlorella, 224 
chlorine, bacterial requirement of, 
179-81 
chlorophyll, 19 
chlorophylls, of photosynthetic bac- 
teria, 285-6 
choline, as growth factor, 210 
Chromobacter prodigiosum, proteases 
of, 114, 116-17 
— — purine nitrogen of, 154-5 
— — reduction of selenite by, 52 
_ cinnamaldehyde, dismutation of, 110 
citric acid, as source of carbon, 183, 
185 
— — fermentation of, 84, 97 
citronellal, dismutation of, 110 
Clostridia, absence of cytochromes 
from, 20, 24-5 
— amino-acid decarboxylases of, 135, 
137 
— US fermentations by, 88 
— lactic fermentations by, 95-6 
— proteolytic enzymes of, 111 
— respiratory mechanisms of, 46 
Clostridium acetobutylicum, p-armnino- 
benzoic acid as growth factor 
for, 209 
— — breakdown of starch by, 62 
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Clostridium acetobutylicum, dehydro- 
genases of, g1 
— — fermentations by, 88-9, 93-5 
—— production of lactic acid by, 
=, 95-0 
— acidi-urici, 55 
— aerofetidum, amino-acid decar- 
boxylases of, 137 
— botulinum, proteases of, 114 
— — toxin from, 119 
— butylicum, 88-9, 93-5 
— butyricum, 48, 88-9 
— cellulosolvens, 65 
— chauvei, proteases of, 114 
— histolyticum, 114 
— pastorianum, fixation of nitrogen 
by, 221-4 
— putrificum, absence of cytochromes 
from, 25 
— septicum, amino-acid decarboxy- 
lases of, 137 
— — hyaluronidase of, 66 
— skatole, 133 
— sporogenes, absence of cytochromes 
from, 25 
—-— amino-acid decarboxylases of, 
137 
— — deamination of ornithine by, 134 
— — dehydrogenations by, 16 
— — essential amino-acids for, 212 
— — proteases of, 114 
— tetanomorphum, fermentation of 
pyruvic acid by, 88 
— — oxidative deaminations by, 124 
— tetanum, absence of cytochromes 
from, 25 
— — germination of spores of, 44, 218 
— — oleic acid as growth factor for, 
211 
— — proteases of, 114 
— — toxin from, 119 
— thermoaceticum, oxidation of glu- 
cose to acetic acid by, 56 
—welchii, absence of cytochromes 
from, 25 
—-— amino-acid decarboxylases of, 
137 
— — collagenase of, 113 
— — hyaluronidase of, 66, 114 
— — iron-deficient fermentation by, 
293- 
— — lactic fermentation by, 96 
— — nucleoprotein of, 152 
— — proteases of, 114 
— — reduction of nitrate by, 50 
— — toxin of, 118-19, 311 
— — transamination by, 141 
cobalt, in fermentation, 71 
cocarboxylase (diphosphate of aneu- 
rin), and breakdown of pyruvic 
acid, 72, 79 
— and dismutation of pyruvic acid, 45 
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cocarboxylase and oxaloacetic decar- 
boxylase, 45 
— as growth factor, 200-1 
— in fermentation, 71-2 
— structure of, 72 
codecarboxylase (? pyridoxal 
phate), 138, 142 
coenzyme, as growth factor, 122, 196-9 
— for amino-acid decarboxylases, 138 
— for aspartase, 124 
— for glyoxalase, glutathione as, 33 
— R, see biotin 
coenzyme I (co-zymase: 
pyridine - dinucleotide), 
43-5, 69, 71, 101 
— as growth factor, 122, 195-8 
coenzyme I system, potential of, 39 
coenzyme II (triphosphoadenine-pyri- 
dine-dinucleotide), 17-18 
collagenase, 113 
comenic acid, production of, from 
galactose, 107 
concentration of substrate, and cell 
size, 162 
— — — and growth, 192-3 
— — — and growth rate, 172 
——-—and rate of oxidation by 
nitrifiers, 249-50 
— — — and total crop, 174 
copper, and growth of C. diphtheria, 
179 
— in fermentation, 71 
copper-containing enzymes, 19, 28 
Corynebacterium diphtherie, biotin as 
growth factor for, 204 
— — medium for, 213 
— — nucleic acid of, 150 
— — oleic acid as growth factor for, 
210 
— — pantothenic acid as growth fac- 
tor for, 200 
— — production of porphyrin by, 120 
— — salt requirements of, 179 
— — toxin from, and supply of iron, 
119-20 
— — tryptophan requirement of, 132 
cozymase, see coenzyme I 
crop, total, factors influencing, 173-4 
cyanide, activation of proteases by, 113 
— inhibition of catalase by, 29 
— — of cytochrome oxidase by, 21-2 
— — of nitratase by, 50 
— — of nitrification by, 253, 255 
— — of oxidation of sulphydry]l group 
by, 32 
— — of peroxidase by, 28 
— — of photosynthesis by, 283 
—-— respiratory system of L. 
briickii by, 97 
— yeasts grown in presence of, 292 
cyclohexanol, inhibition of fumarase 
by, 123 


phos- 


adenine- 
17-18, 


del- 
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cysteinase, 127 

cysteine, effect of, on proteases, 114-15 

cysteine-cystine system, potential of, 

39 ny. . : 

cystine, as essential amino-acid, 212, 
21 

— as ncueCe of carbon and nitrogen, 
188-9 

— breakdown of, 127 

cytidine, in nucleic acid, 146 

cytochrome, discovery of, 7 

cytochrome oxidase, 21, 102, 292 

cytochrome system, 19-27 

— — in iron-deficient bacteria, 293 

— — inhibition of transphosphoryla- 

tion by, 102 

— — potential of, 39 

Cytophaga, 64 

cytosine, in nucleic acid, 145, 150 


DEAMINASES, 134, 140, 304, 308 
deamination, 121-43 
decarboxylases (see also separate de- 
carboxylases), 135, 304 
dehydrogenases (see also separate de- 
hydrogenases), and cytochrome, 
21 27 
— and nitrate-nitrite system, 49 
— cell-free, 16 
— of Cl. acetobutylicum, 91 
— of E. coli, 15, 27 
— of H. parainfluenze, 195 
Demers ow by sulphur bacteria, 
25 
desaminocoenzyme, 197 
desoxyribose nucleic acids, 145, 147-8, 
150, 295-6 
desthiobiotin, as growth factor, 204 
dextrans, 58-60 
dextrins, 62-3 
diaphorase (protein compound with 
flavin-adenine-dinucleotide) and 
cytochrome, 26 
— oxidation of coenzyme I by, 17, 43 
— structure of, 18 
diastase, 300 
dihydrocoenzyme I 
mase), IOI, 197 
dihydroxyacetone, fermentation of, 83 
— production of, in fermentation, 70 
dipeptidase, 112 
dismutase, 45 
dismutations, 44, 108-10, 126 
disruption of bacterial cells, 16, 32, 
116, 122, 295 
dulcitol, oxidation of, to galactose, 105 


(dihydrocozy- 


EGG-WHITE factor, see biotin 

energy, anaerobic mechanisms for ob- 
taining, 44-56 

— relations of alcoholic and lactic fer- 
mentations, 102 


INDEX 


energy, relations of autotrophic bac- 
teria, 272 
— — of nitrification, 244-6, 272 
— — of nitrogen fixation, 232-4 
— — of oxidation of carbohydrate, 13 
— — — — of carbon monoxide, 269 
— — — — of hydrogen, 267, 269, 272 
— — — — of hydrogen sulphide, 256 
— — — — of iron, 266 
— — — — of methane, 13, 271 
— — —— of sulphur, 256, 258-9, 
260, 272, 275 
—— ——of thiosulphate, 
261, 272 
— — of synthesis of carbohydrate, 13 
— shifts in fermentation, 72 
— transfer, mechanism of, 272 
enolase, 71 
Enterobacteriacee, fermentations by, 
76-82 
— proteolytic enzymes of, 111 
enzyme chemistry, rise of, 9 
— variation and adaptation, 287-312 
enzymes, adaptive, 297-304 
— constitutive, 297-304 
— control of production of, by genes, 
290 
—-- by nucleic acid, 296 
— loss of, and parasitism, 194 
erythritol, oxidation of, to erythrulose, 


257-8, 


104-5 
Escherichia coli (B. coli), absence of 
proteases from, 116 
— — adenosine triphosphate in, 156 
— — age of culture, and generation 


time of, 164 

—— amino-acid decarboxylases of, 
135, 137 ; 

— — anaerobic metabolism of, 45 

— — ash of, 180 


— — aspartase of, 124 
— — breakdown of pyruvic acid by, 


79 
— — — of tryptophan by, 128-30 
—— cell size and growth phase of, 
160, 163 
— — cysteinase of, 127 
— — cytochromes in, 25 
— — deamination of amino-acids by, 
122 
— — — of purines by, 158 
— — dehydrogenases of, 15,27 | 
——dephosphorylation of purines 
by, 158 
— — enzymes of, 297, 309-10 
— — factors affecting growth of, 193 
— — — — growth rate of, 170-3 
— — — — total crop of, 174-8 
— — fat content of, 217 
— — fermentations by, 76-83 
— — formic dehydrogenase of, 42 


— — glucozymase of, 304 
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Escherichia coli, hydrogenase of, 35 

— — inhibition of growth of, by for- 
mic acid, 306 

— — iron requirement of, 293 

— — lactic dehydrogenase of, 17, 35, 
38-40, 42 

— — malic dehydrogenase of, 43 

— — mutabile, 288 

—w— mutant of, able to ferment 

galactose, 287 
— —— — induced by sulphanila- 
mide, 292-3 

— — nitratase of, 42 

— — nucleic acid content of, 148 

— — nutritional requirements of, 194 

— — oxaloacetic decarboxylase of, 87 

— — oxidations (incomplete) by, 33 

— — oxygen uptake of, 26 

— — purine nitrogen of, 154-8 

—w— reduction of nitrate to am- 
monia by, 50 

—  — sources of carbon and nitrogen 
for, 184-92 

— — synthesis of tryptophan by, 130 

— — transamination by, 141 

ethanol, and growth of C. diphtheria, 

214 

— and production of cellulose, 57 

— as source of carbon, 185 

— inhibition of catalase by, 29 

— oxidation of, to acetaldehyde, 30-1 

— — — to acetic acid, 103, 105, 107- 


110 
— production of, in alcoholic fermen- 
tation, 68-77, 100 
— — — in butyric fermentations, 89, 
yy ene 
— — —in Cl. welchii fermentation, 
204 | 
— — — in E. coli fermentation, 77-8 
—  — — in fermentation of glycerol, 


2 

——-—-—-—— of citric acid, 84 

— — — in lactic fermentation, 97 

ethanol dehydrogenase, 17, 27, 109, 
293, 306, 309 

ethanolamine, 210 

ethyl alcohol, see ethanol 

excretion of nitrogenous products by 
bacteria, I11 

exoenzymes, I1I-I5 


FACULTATIVE anaerobes, oxidising en- 
zymes of, 20, 24-5, 27 
fat, influence of media on production 

of, 216 
fatty acids, and growth of Athiorhoda- 
cee, 279-81 
—— — as sources of carbon, 184 
— — as substrates for photosynthetic 
bacteria, 228 
fermentation, 68-110 


39° 


fermentation, early views on, 2-8 
fibrin, liquefaction of, 111, 115 
fixation of nitrogen, 220-40 
flavine-phosphate system, potential of, 


flavin, increased in cyanide yeast, 292 
flavo-protein enzyme of L. delbriickii, 
96 
— — system, potential of, 39 
fluoride, inhibition of enolase by, 71 
folic acid, as growth factor, 210-11 
formaldehyde, and growth of B. oli- 
gocarbophilus, 270 
— oxidation of, 267, 270 
— production of, by hydrogen bac- 
teria, 267 
— — — by nitrifiers, 254 


formate-bicarbonate system, poten- 
tial of, 39 
formic acid, anaerobic breakdown of, 
53, 80 


— — as source of carbon, 184 
—  — as substrate for photosynthetic 
bacteria, 282 
— — inhibition of growth of E. coli 
by, 306 
— — oxidation of, 33, 270 
— — production of, in fermentations, 
77-85, 89, 93, 97, 110 
formic dehydrogenase, 27, 42, 81, 293, 
306, 309 
formic hydrogenlyase, 54, 80-1, 293, 
301, 304, 306-7, 309 
fructose (levulose) and production of 
cellulose, 57 
— as source of carbon, 186, 193 
— fermentation of, 76, 85 
— growth rate on, 193 
— oxidation of, to ketogluconic acid, 
105 
— — — to kojic acid, 107 
— production of, 
105-6 
fumarase, 45, 123, 306 
fumaric acid, oxidative breakdown of, 
45 
fumaric-aspartic equilibrium, 123 
fumaric-malic equilibrium, 123 
fumaric-succinic equilibrium, 34 
— — system, potential of, 39 
furfural, dismutation of, 109 


GALACTANS, 65 

galactose, as source of carbon, 186, 193 
— fermentation of, 76, 297 

— — — by mutant of E. coli, 287 

— growth rate on, 193 

— oxidation of, to comenic acid, 107 
paves — to rapes acid, 10 
galactozymase, 298-9, 301, 30 ; 
Gallionella, 263 teat toe 
Gay-Lussac equation, 2 


from mannitol, © 


INDEX 


gelatin, liquefaction of, 111, 113-14, 
117-18 
gelatinases, 113-15 ; 
genes, control of production of en- 
zymes by, 290 
Giemsa stain, 144, 147 
glucoheptitol, oxidation of, to gluco- 
heptose, 106 
gluconic acid, fermentation of, 77 
— — oxidation of, 105-6 
— — production of, from glucose, 26, 
103, 105-6 
glucose, and fat production, 216-17 
— and nitrogen fixation, 221 
— and Thiobacillus thio-oxidans, 260 
— as source of carbon, 186, 193 
— effect of, on cysteinases, 127 
— fermentation of, 68-110, 297 
— growth rates on, 171, 193 
— inhibition of nitrification by, 242, 
250-1 
— oxidation of, to acetic acid, 56 
—-—-—to gluconic acid, 26, 
105-6 
— — (incomplete) of, 33 
glucose dehydrogenase, 42, 91, 292-3 
— oxidase, 26-7 
glucozymase, 278-9, 304, 307-9 
glutamic acid, anaerobic breakdown 
of, 124 
— — and nitrogen fixation, 237 
— — as essential amino-acid, 212, 214 
—  — as hydrogen donator for anae- 
robes, 46 
—-— as sole constituent of a bac- 
terial protein, 121 
—  — as source of carbon and nitro- 
gen, 189 
— — breakdown of, by yeast, 135 
— — deamination of, 122, 304, 307-9 
— — diffusion of, across cell wall, 142 
— — phosphorylation of, 143 
— — transamination with, 141-2 
glutamic acid decarboxylase, 135-8 
glutathione, 31-3 
— and peroxidase, 28 
— as coenzyme of glyoxalase, 76 
glutathione system, potential of, 39 
glyceraldehyde, fermentation of, 83 
— production of, in fermentation, 70 
glyceric acid, as source of carbon, 184 
— — fermentation of, 83 
— — production of, in fermentation, 


103, 


70 

glycerol, and fat production, 216-17 
— as source of carbon, 186 
— fermentation of, 82 
— oxidation of, to dihydroxyacetone, 

104—5 
— production of, in fermentations, 
— propionic fermentation of, 85-6 


INDEX 


glycerophosphate dehydrogenase, 21, 
27 

glycine, as essential amino-acid, 212, 

214-15 
— as hydrogen acceptor for anaerobes, 
47, 125-7 

— deamination of, 122, 124, 304, 309 

glycol, oxidation of, to glycollic acid, 
103 

glycolase, 110 

glycuronic acid, fermentation of, 77 

glyoxalase (ketoaldehyde mutase), 33, 
76, 110 

Gonococcus, cytochromes in, 25 

— dismutation of pyruvic acid by, 44 

— lactic dehydrogenase of, 17 

gram stain, 142-3, 150 

gramicidin, 120 

green sulphur bacteria, 278-86 

growth, 159-78 

— phases of, 159-60 

—-—-—and nucleic acid content, 

148-50 
growth rate, effect of, on total crop, 
177 

— — factors affecting, 170-3 

guanine, as growth factor, 212 

— in nucleic acids, 145-6, 150, 154-6 

guanylic acid, deamination of, 158 


HEM, 19 

hzmiatin, 19 

— as growth factor, 199 

— system, potential of, 39 

hzmoglobin, and catalase, 29 

— in root nodules of legumes, 240 

hemolytic toxin of Cl. welchii, 118-19 

Haemophilus group of bacteria, growth 
requirements of, 195, 197-9 

— parainfluenza, oxidative deamina- 
tion by, 122 

— synthesis of coenzyme I by, 198 

heterofermenters, 96 

hexokinase, 69, 73 

hexosernonophosphate dehydrogenase 

27, 42 

histidin, as essential amino-acid, 212, 
214-15 

— as hydrogen donator for anaerobes, 

6 
_ Po, nA of carbon and nitrogen, 


189 
— breakdown of, by yeast, 135 
— deamination of, 122-3 
histidin decarboxylase, 135-8, 397, 399 
homofermenters, 96 
hyaluronic acid, breakdown of, 66 
hyaluronidase, 66, 114, 118 | 
hydrogen, and nitrogen fixation, 229, 
230, 233-5 
— and photosynthetic bacteria, 283 
— molecular, metabolism of 283 
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hydrogen, oxidation of, 31, 267 
— production of, in fermentations, 
88-9, 221, 294 
— reductions by, in presence of E. 
coli, 42 
— transfer of, 14 
hydrogen acceptors, 46-7, 82, 125 
— donators, 46-7, 125, 283 
— ion concentration (pH) effect of, on 
acetaldehyde dehy- 
drogenase, 109 
—— — — on acetoin production, 


fo) 
— — — — — on amino-acid break- 


down, 121 

——_—— — on amino-acid decar- 
boxylases, 135-8, 
140 

——-—— — on butyric fermenta- 
tions, 48 

——— — on E. coli fermenta- 
tions, 77 

a a on ethanol dehydroge- 
nase, 109 


——— _— on fermentation by S. 
liquefaciens,97 
panel ren ae Sans a felloy mashes by Cl. acetobuty- 
licum, 95-6 
—-—--— on generation time, 305 
—-—-— — on growth rate, 171-2 
—-—-—-—- on nitrogen fixation, 
230-1 
-_--—-- - on oxidation of am- 
monia, 247 
———= of hydrogen, 267 
—— of nitrite, 248 
—-—-—-— on production of en- 
zymes, 304-6 
—--— on transamination, 141 
— ——optimum, for Thiobacillus 
novellus, 261 
——-— — thio-oxidans, 260 
— peroxide, production of, 26-7, 96 
— — removal of, 28-30 
— — role of, 30-1 
— sulphide, and photosynthetic bac- 
teria, 277-9, 284 
— — inhibitions by, 21, 29 
— — oxidation of, 255, 278 
hydrogenase, 35, 50-1, 54, 81, 91, 124, 
239-40, 283, 293, 309 
hydrogenlyase, 283 
6-hydroxybutyric dehydrogenase, 27, 
2 
ecisoxyiarnine, and nitrogen fixation, 
237-9 ? . | 
— as intermediate in reduction of ni- 
trate, 50 
— inhibition of photosynthesis by, 283 
hydroxyproline, as hydrogen acceptor 
for anaerobes, 47, 125 
Hyphomicrobium vulgare, 252 


Soe 


hyposulphite, reduction of, 51 
hypoxanthine, as growth factor, 212 
— in nucleic acid, 154-6, 158 


INDICATORS, potentials of, 39 

indole, production of, 127-33 

indoleacrylate, stereoinhibition of syn- 
thesis of tryptophan by, 123-3 

inhibitors, structural analogy of, with 
metabolites, 132-3, 208-10 

intracellular proteases, 115 

invertase, 111, 298, 300 

iron, activation of proteases by, 113-14 

— and nitrogen fixation, 231 

— and production of diphtheria toxin, 

120 

— — — of hydrogen enzymes, 81 

— — — of lactic acid by Clostridia, 96 

— bacterial requirements of, 179-81 

— in enzymes, 19, 22, 29 

— in fermentation, 71 

iron bacteria, 262-6 

iron-porphyrin compounds, 19, 120 

isomerase, 78 


&%-KETO-ACIDS, phosphoroclastic split 


of, 79 
ketoaldehyde mutase, see glyoxalase 
a-ketoglutaric acid, transamination 
with, 141-2 
ketones, production of, from alcohols, 


104 
Klebsiella pneumoniae, amino-acid de- 
carboxylases of, 137 
kojic acid, production of, 107 
Krebs cycle, 291 


LACCASE, 27-8 

lactase, 298 

lactate-pyruvate system, potential of, 

38-40 
lactic acid, as source of carbon, 183-4 
— — as substrate for photosynthetic 
bacteria, 281 

— — dismutation of, 45 

— — oxidation of, to pyruvic acid, 106 

— — — (incomplete) of, 33-4 

—-— production of, by acetic bac- 
teria, I10 

— — — — from methyl] glyoxal, 33 

— —-—-— in butyric fermentations, 

_ 89, 93-4 

—-—-—-—1n Cl. welchit fermenta- 
tion, 294 

—-—-—- in E, coli fermentations, 

_ 45, 76-8 
—— — — — in lactic fermentation, 3, 


_ 97 
> > — in'muscles68 
—— — propionic fermentation of, 85 
lactic dehydrogenase, 17, 2I27,\385; 
38-40, 42-3, 292-3 


INDEX 


a 

lactic fermentation, 95-102 

Lactobacilli, folic acid as growth factor 
for, 211 

— Meyerhof quotients for, tor 

— oxidising enzymes of, 96 

— purine nitrogen of, 144 

— riboflavin as growth factor for, 202 

Lactobacillus arabinosus, purines as 
growth factors for, 212 

— casei, 96, 101, 202, 211-12 

— cereale, 97, 101 

— delbriickti, 25, 96, 101, 202 

— gangori, 202 

— helveticus, inhibition of, by oleic 
acid, 211 

— pentoaceticus, enzymes of, 298 

— pentosus, purines as growth factors 
for, 212 

Lactobacteriace@, propionic group of, 


lactoflavine system, potential of, 39 
lactose, as source of carbon, 193 

— fermentation of, 297 

— propionic fermentation of, 85 

lag phase of growth, 159-60 

leaves, symbiotic nitrogen fixation in, 


227 

lecithin, breakdown of, 118-19 

— synthesis of, 210 

lecithinases, 118-19 

Leptothrix ochracea, 263-5 

leucine, as essential amino-acid, 212 

— as hydrogen donator for anaerobes, 
46, 125 

— as source of carbon and nitrogen, 
189 

— deamination of, 122 

— production of amyl alcohol from, 3 

iso-leucine, 3, 122, 212 

leucine-exacting mutant of Neurospora, 

290 

Leuconostoc dextranicum, 58-9 

— mesenteroides, 58-9, 204, 212 

levans, 58-60 

light, and nitrogen fixation, 223 

— are poateyas iets bacteria, 277- 
2 

— reversal of carbon monoxide inhi- 
bition by, 22 

logarithmic phase of growth, 159 

lysine, as essential amino-acid, 212 

— diffusion of, across cell wall, 142 

lysine decarboxylase, 135-9, 307, 309 


MAGNESIUM, activation of proteases by, 
113 

— and nitrification, 246 

— and nitrogen fixation, 231 

— bacterial requirement of, 179-81 

— effect of, on growth of Ps. aerugi- 
nosa, 115 

— in breakdown of pyruvic acid, 79 


INDEX 


- 
magnesium in fermentation, 69, 71-2 
— porphyrin (chlorophyll), 19 
— ribonucleate, and gram stain, 151 
malate-oxaloacetate system, potential 
of, 39 
malic acid, as source of carbon, 183-4 
— — as substrate for photosynthetic 
bacteria, 281 
— — propionic fermentation of, 85 
— dehydrogenase, 27, 43, 45, 293, 310 
malic-fumaric equilibrium, 123 
maltase, 62, 111 
maltose, as source of carbon, 193 
— fermentation of, 297 
— growth rates on, 171, 193 
— production of, from starch and cel- 
lulose, 62-3 
manganese, activation of proteases by, 
113-14 
— and growth of iron bacteria, 264, 


266 
— in breakdown of pyruvic acid, 79 
— in fermentation, 69, 71-2 
mannitol, and nitrogen fixation, 222 
— fermentation of, 76-7 
— growth rate of E£. coli on, 171 
— oxidation of, to fructose, 103-5 
— — — to kojic acid, 107 
mannose, as source of carbon, 186, 
193 
— growth rate on, 193 
— propionic fermentation of, 85 
manometry, study of nitrogen fixation 
by, 227-30 
— — — sulphur bacteria by, 279 
media, effect of, on production of fat, 
216-17 
—--—-- of proteases, 115 
——- of protein, 216-17 
medium, for C. diphtheria, 213 
— for photosynthetic bacteria, 278 
Meningococcus, cytochromes in, 25 
metals, activation of proteases by, 
113-15 
— and lag phase of growth, 166-7 
— in fermentations, 69, 71 
methane bacteria, 52-5, 270-1 
— oxidation of, 270-2 
— production of, 52-5 
methanol, oxidation of, 30 
methionine, as antagonist of sulphani- 
lamide, 210 
— as essential amino-acid, 212, 214 
— deamination of, 122 
methionine-exacting mutant of coli- 
form organism, 289-90 
— — — of E, coli, 292 
methyl alcohol, see methanol 
— cytosine, in nucleic acid, 150 
-—— glyoxal, action of glyoxalase on, 33 
== jin Neuberg’s scheme for alco- 
holic fermentation, 73-6 
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methyl alcohol, production of, by 
acetic bacteria, 110 
methylene blue system, potential of, 
38-9 
— — technique, 14-16 
Meyerhof quotients, 100 
— — for amino-acid decarboxylases, 
137 
— — for yeasts, 101 
Michaelis constants, for amino-acid 
decarboxylases, 137 
microbiology, Pasteur and the birth 
of, 1-7 
Micrococcus albus, sources of carbon 
and nitrogen for, 184-92 
— lysodeikticus, oxaloacetic 
boxylase of, 87 
— prodigiosus, see Chromobacter pro- 
digiosum 
molybdenum, and nitrogen fixation, 
224, 232 
mutase reaction, 126-7 
Mycobacterium globerulum, oxidation 
of indole by, 131 
— leprae, not yet cultivated in vitro, 


decar- 


17 

— phlei (Timothy-grass bacillus), fat 
and protein content of, 216 

— — nucleic acid of, 150 

—  — sources of carbon and nitrogen 
for, 184-92 

— tuberculosis (B. tuberculosis), cyto- 
chromes in, 25 

— — nucleic acid of, 150 

— — purine nitrogen of, 144 

Mycoderma, 241 


NARCOTICS, inhibition of dehydro- 
genases by, 21, 25 

— — of nitrification by, 253, 255 

Neurospora crassa, artificial produc- 
tion of mutants of, 290-2 

— — choline requirements of, 210 

— — growth factors for, 204, 209 

— — synthesis of tryptophan by, 130, 
132 

nicotinamide, as growth factor, 196 

nicotinamide-riboside, 198 

nicotinic acid, as growth factor, 194 

196-9, 209, 215 

nitratase, 42, 49-50 

nitrate, and nitrogen fixation, 236~7 

— production of, from nitrite, 28, 49, 

243-55 

nitrate-nitrite system, potential of, 39 

nitrification, 241-55 

nitrite, inhibition of breakdown of 
keto-acids by, 122 

— — of oxidation of nitrite by, 249-50 

— — of Thiobacillus thio-oxidans by, 
260 
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nitrite, oxidation of, to nitrate, 28, 49, 
243-55 

— production of, from ammonia, 243 

nitrogen fixation, 220-40 

— heavy, and nitrogen fixation, 235-7 

— metabolism, 111-43 

— — and biotin, 207 

— sources of, 181-92 

— supply of, and sporulation, 218 

nitrogenase, 239 

Nitrosomonas, 244-55 

nodule bacteria, 224-7 

Nostoc, 223, 239 

notatin, identity of, with glucose oxi- 

dase, 26 

nucleases, 148 

nucleic acid, and synthesis of protein, 
143, 148-50 

— — and the gram stain, 150 

—w— control of enzyme production 
by, 296 

— — metabolism of, 144-58 

nucleoproteins, 144-58 

nucleosides, 152-8 

nucleotides, 152-8 

nutrition, 178-219 


OLEIC acid, as growth factor, 210 
ornithine, as hydrogen acceptor for 
anaerobes, 47, 125-6 

— breakdown of, 124, 134-5 

ornithine decarboxylase, 135-9, 307, 
309 

oxalic acid, production of, by acetic 
bacteria, 105 

oxaloacetate-malate system, potential 
of, 39 

oxaloacetic acid, and nitrogen fixation, 

238-9 

— — and origin of succinic acid, 86-8 

— — in fermentation of citric acid, 84 

— — transamination with, 141-2 

oxaloacetic decarboxylase, 45, 87 

oxidation, aerobic, 12-34 

oxidation-reduction potentials, 35-44 

—-—-— and germination of spores, 

218-19 
oxido-reductions, 44-9 
oxygen, inhibition of triosephosphate 
dehydrogenase by, ro1 
— sensitivity of Clostridia to, 48 
— supply, and fermentation, 97-102 


PANTOTHENIC acid, as growth factor, 
199-200, 207, 209 

papain, 111, 115 

parasitism, and loss of enzymes, 194 

“‘ Pasteur effect,” 97 

Basioskate | synthesis of coenzyme I by, 
19 

pathogenic organisms, media for, 194 

pectic acid, 65 





INDEX 


pectin, 65 , : i. 
penicillin, and amino-acid assimila- 
tion, 143 
Penicillium glaucum, 241 
pepsin, 112-13 
peptidases, 112-13 : 
pH, see hydrogen ion concentration 
phenyl alanine, as essential amino- 
acid, 212, 214-15 
— -— as hydrogen donator for anae- 
robes, 46, 125 
—  —as source of carbon and nitro- 
gen, 188-9 4 
— — breakdown of, by yeast, 135 
— — deamination of, 122 
phosphate, and growth of Thiobacillus 
thio-oxidans, 2'73-6 
— and nitrogen fixation, 224 
— in nucleic acid, 145-7 
— reduction of, 52 
phosphate carrier, adenosine as, 69 
phosphoglucomutase, 71 
phosphoglyceromutase (or triose mu- 
tase), 7I 
phosphohexokinase, 71, 101-2, 181 
phosphohexose isomerase, 71 
phosphorylase, 69, 73 
phosphorylations, 69~73, 276 
phosphotriose isomerase, 71 
photosynthesis by bacteria, 277-86 
— by plants, 283-4 
phthiocol system, potential of, 39 
Phytomonas tumefaciens, 58 
pimelic acid, and biotin, 204-5 
— — as growth factor, 215 
plant photosynthesis, compared with 
bacterial, 284 
— polysaccharides, 65 
Pneumococcus, choline as growth factor 
for, 210 
— cytochromes in, 25 
— disruption of cells of, 116 
— interchange of types of, 66 
— iron requirement of, 293 
— mutant of, induced by sulphapyri- 
dine, 292 
— nucleic acid of, 151 
— polysaccharides of, 61, 295 
— production of hydrogen peroxide 
by, 30-1 
— transamination by, 141 
polyphenol oxidase, 19, 27-8 
polysaccharides, 10, 56-67, 295 
porphyrins, 19, 120 
potassium, bacterial requirement of, 
179-81 
— in fermentation, 72 
proline, as essential amino-acid, 212 
— as hydrogen acceptor for anaerobes, 
47, 125-6 
propanol, as source of carbon, 185 
— dismutation of, 109 


INDEX 


propanol, oxidation of, to aldehyde, 30 
— — — to propionic acid, 103, 105 
tso-propanol, oxidation of, by photo- 
synthetic bacteria, 282 
— production of, in butyric fermenta- 
tion, 89, 93-4 
Propionibacteria, 85 
— and dismutation of lactic acid, 45 
— growth factors for, 200-1 
Propionibacterium pentoseaceum, cys- 
teinase of, 127 
— — Meyerhof quotients for, 101 
propionic acid, and nitrogen fixation, 
222 
— — as source of carbon, 184 
—  —as substrate for photosynthetic 
bacteria, 282 
— — oxidation (incomplete) of, 34 
— fermentation, 85 
propy! alcohol, see propanol 
propylene glycol, oxidation of, to 
acetol, 106 
Protea, proteolytic enzymes of, 111 
proteases, 111-14 
protein digests, as laboratory media, 
118 
protein synthesis, and nucleic acid, 
143, 148-50 
— — influence of media on, 216 
proteinases, 112-14 
proteins, breakdown of, 111-18 
— immunity of pure, from bacterial 
attack, 116 
— synthesis of, 143, 148-50, 216-17 
Proteus morganii, amino-acid decar- 
boxylases of, 136-7 
— vulgaris (B. proteus), amino-acid 
decarboxylases of, 136-7 
— — amino-acid oxidase of, 27 
— — breakdown of cystine by, 127 
— — — of tryptophan by, 130 
— — cytochromes in, 25 
— — deamination by, 122-3 
— — nutritional requirements of, 194, 


I 
— — oxidase of, 26 
— — proteases of, 115, 117 
— — purine nitrogen of, 154-8 
— — synthesis of coenzyme I by, 198 
— — transamination by, 141 
Prototheca zopfii, intracellular storage 
of carbohydrate by, 34 | 
Ps eudomonadacea, proteolytic enzymes 
of, 111 
Pseudomonas aeruginosa (B. pyocyan- 
eus, Ps. pyocyanea), break- 
down of tryptophan by, 130 
— — cytochromes in, 25 
— — deamination of purines by, 158 
— — growth of, on varying concentra- 
tions of substrate, 193 
— — iron requirement of, 293 


395 


Pseudomonas aeruginosa oxidation of 
thiosulphate by, 262 
— — proteases of, 113-15 
— — purine nitrogen of, 154-5 
— — transamination by, 141 
— aminovorans, sources of carbon and 
nitrogen for, 183-92 
— aptatum, levan of, 59 
— calcoacetica, incomplete oxidations 
by, 33-4 
— fluorescens, breakdown of trypto- 
phan by, 130 
— — cytochromes in, 25 
— — deamination by, 122 
— — oxidation of thiosulphate by, 
262 
— — proteases of, 114-15 
— — sources of carbon and nitrogen 
for, 184-92 
— indoloxidans, oxidation of indole by, 
131 
— mors prunorum, levan of, 59 
— prunicola, levan of, 59 
— putida, sources of carbon and nitro- 
gen for, 183 
purines, anaerobic breakdown of, 55 
— as growth factors, 212 
— as sources of carbon and nitrogen, 
191-2 
— in nucleic acid metabolism, 144-58 
purple sulphur bacteria, 277-86 
pyocyanine system, potential of, 39 
pyridoxal phosphate (? codecarboxy- 
lase), 138-9, 141-2 
pyrimidines, as growth factors, 212 
pyromucic acid, 109-10 
pyruvate-lactate system, potential of, 
38-40 
pyruvic acid, and carbon dioxide assi- 
milation in fermentations, 87 
— —as hydrogen donator for anae- 
robes, 46 
— — as source of carbon, 184 
—— breakdown of, by aerobacter 
group, 80 
— — —— by butyric bacteria, 88, 


go 

— — — — by coliform group, 79 

— — — — by propionic bacteria, 85 

— — dismutation of, 45 

— — effect of, on oxidation of glucose 
by Cl. thermoaceticum, 56 

— — enzymes attacking, 305 

—  — in alcoholic fermentation, 70, 
73-5, 101 

— — inhibition of carbon dioxide 

fixation by, 276 


— — — of sulphur oxidation by, 276 
— — oxidation (incomplete) of, 33-4 
— — — (spontaneous) of, by hydro- 


gen peroxide, 30 
— dehydrogenase ,91 
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Radiobacter, 222 

Rauschbrand’s bacillus, 128 

reaction, free energy of, 12 

— heat of, 12 

redox indicators, anaerobic growth of 
aerobes in presence of, 110 

—w— inhibition of hexosediphos- 
phate production by, 101 

— — potentials of, 39 

refection, 195 

respiration, 12-56 

— anaerobic, 34-56 


respiratory quotient of Mycobac- 
tertum phlei, 217 
“resting bacteria,” dehydrogena- 


tions by, 9, 15 
retting of flax, 65 
rhamnose, as source of carbon, 186 
— fermentation of, by mutant of B. 
typhosus, 287 
Rhizobium, 226, 237, 240 
—trifolii, biotin requirements of, 
203-4 
Rhodovibrio, 281 
riboflavin, as growth factor, 201-2 
— phosphate (? coenzyme of aceto- 
acetic decarboxylase), 92 
ribonuclease, 151 
ribose-nucleic acids, 145, 147-8 


SACCHARIC acid, fermentation of, 77 

Saccharomycetes cerevisiae, 204-5 

saccharose, as source of carbon, 193 

— fermentation of, 297 

— — — by mutant of coli type, 287 

— — — by propionic bacteria, 85 

— synthesis of dextrans and levans 

from, 58-60 

Salmonella group, fermentations by, 
76-82 

— — reduction of tetrathionate by, 51 

salt requirements of bacteria, 179 

Sarcina aurantiaca, cytochromes in, 25 

— lutea, amino-acid requirements of, 
182 . 

— — cytochromes in, 25 

— — sources of carbon and nitrogen 
for, 184-92 

Scenedesmus, 283 

selenite, reduction of, 52 

serine, and growth of Neurospora, 130 

— as essential amino-acid, 212 

— deamination of, 304, 307-9 

— dismutation of, 127 

Shigella paradysenteria, growth fac- 

tors for, 199, 212 
skatole, production of, 133 
sodium, bacterial requirements of, 
179-81 

sorbitol, as source of carbon, 186 

— growth rate of FE. coli on, 171 

— oxidation of, to sorbose, 103-5 


INDEX 


spectrum, absorption, of cytochromes, 
2 
— — of cytochrome oxidase, 22-6 
— — of hemoglobin in legumes; 240 
— — of peroxidase, 28, 31 
— — of photosynthetic bacteria, 277, 
285 
— — of porphyrins, 19 
— — of purines and pyrimidines, 147 
Spirilla serpens, incomplete oxidations 
by, 34 ; 
— tenue, sources of carbon and nitro- 
gen for, 184-92 
spirilloxanthine, 286 
spore formation, 217-19 
Staphylococcus, adenosine 
phate in, 156 
— nucleic acid content of, 148 
— strain of, resistant to sulphon- 
amide, 295 
— tryptophan requirement of, 132 
— albus, ash of, 180 
— — fat content of, 217 
— — transamination by, 141 
— aureus, amino-acid requirements 
of, 143 
— — aneurin as growth factor for, 200 
— — ash of, 180 
— — effect of tyrocidin on, 121 
— — hyaluronidase of, 66 
— — proteolytic powers of, 116 
— — purine nitrogen of, 154-5, 157 
— — transamination by, 141 
— — uracil as growth factor for, 212 
starch, breakdown of, 62 
stereoinhibition, 132-3, 208-10 
Sterigmatosis niger, purine nitrogen of, 
144 


triphos- 


Streptococci, p-amino-benzoic acid 
and, 258 
— production of hydrogen peroxide 
by, 30 
— — of enzyme attacking antigen by, 
II5 


— riboflavin as growth factor for, 201 
Streptococcus acidi lactici, absence of 
cytochromes from, 25 
— allantoicus, metabolism of, 56 
— fecalis, amino-acid decarboxylases 
of, 137-8, 142 
— — effect of tyrocidin on, 121 
— pried disruption of cells of, 
II 
— — effect of tyrocidin on, 121 
—— purines as growth factors for, 
212-13 
— — sulphanilamide and, 208 
— — transamination by, 141 
— lactis, growth factors for, 211-12 
— liquefaciens, effect of hydrogen ion 
concentration on fermentation 
by, 97 


INDEX 


Streptococcus paracitrovorum, fermen- 
tation of citric acid by, 85 
— pyogenes, hyaluronidase in, 66 
— salivarius, aneurin as growth factor 
for, 200 
— — gram-staining of, 151 
— viridans, transamination by, 141 
— zymogenes, essential amino-acids 
for, 212 
strontium, and nitrogen fixation, 230 
succinic acid, as source of carbon, 
183-4 
— — as substrate for photosynthetic 
bacteria, 281 
— — origin of, in fermentations, 83-4 
— — oxidation (incomplete) of, 34 
— — production of, from ornithine, 
135 
——— — in fermentations, 3, 45, 
Z 77> 83-4 
— — synthesis of, from acetic acid, 
87-8 
succinic dehydrogenase, 15, 21, 27, 
124, 307, 309 
succinic-fumaric equilibrium, 34 
— — system, potential of, 39 
succinoxidase, 42 
sucrose, see saccharose 
sulphanilamide, and p-amino-benzoic 
acid, 208 
— mutant of E£. coli induced by, 292-3 
sulphapyridine, mutant of Pneumo- 
coccus induced by, 292 
sulphate, bacterial requirement of, 
179-81 
— production of, 256, 258-62, 278, 
284 
— reduction of, 51 
sulphite, as fixative for acetaldehyde, 
74-6, 254-5 
— — — for formaldehyde, 254 
— reduction of, 51 
sulphonamide drugs, and amino-acid 
assimilation, 143 
— — resistance to, 295 
sulphur, oxidation of, 255-62, 272-6, 
284 
— production of, 255-8, 278-9, 284 
— reduction of, 51 
sulphydryl group, activation of pro- 
teases by, 113 
— — autoxidisable, 31-2 
— — reactivation of triosephosphate 
dehydrogenase by, 101-2 
symbiosis of plants and nitrogen 
fixers, 224 og 
synthetic powers, regaining of lost, 196 


TeLLuRite, reduction of, 52 

temperature, effect of, on enzyme pro- 
duction, 308 

— — — on growth, 170, 177, 266 
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temperature, effect of, on tetrathi- 
onate reduction, 301-2 

tetrathionate, oxidation of, 255 

— reduction of, 51 

thermodynamical terms, 12-13 

thiamin, see aneurin 

Thiobacillus denitrificans, 285 

— novellus, 261 

— thio-oxidans, 259-61, 272-5 

— thioparus, 257-8 

thiocyanate, oxidation of, 262 

Thiorhodacee, 279-86 

thiosulphate, oxidation of, 255 

— reduction of, 51 

Thiothrix, 256 

threonine, as essential amino-acid, 212 

— dismutation of, 127 

thymine, in nucleic acids, 145, 150 


'— synthesis of, 211 


Timothy-grass bacillus, see Mycobac- 
terium phlei 
total enh relation of, to viable count, 
107 
— crop, factors influencing, 173-8 
toxins, 111, 118-21, 311 
transaminase, 141 
transamination, 140-2 
Trautwein’s bacillus, 261 
trimethylene glycol, 83 
triosemutase (or phosphoglyceromu- 
tase), 71 
triosephosphate dehydrogenase, 27, 
71, 101 
trypsin, 112, 114 
tryptophan, as essential amino-acid, 
212, 214-15 
— as hydrogen donator for anaerobes, 
46 
— as source of carbon and nitrogen, 
189 
— breakdown of, 127-33, 135 
— deamination of, 122, 124 
— oxidation of, 28 
— synthesis of, 132, 182 
tryptophan decarboxylase, 135 
tryptophanase, 128-9, 307, 309 
tuberculinic acid, 150 
turbidimeter, for measuring bacterial 
growth, 173 
ULTRA-VIOLET light, mutants pro- 
duced by, 290 
—-—microphotography of nucleic 
acids, 147-8 
uracil, as growth factor, 145, 212 
— in nucleic acids, 145-6, 150 
urea, derivatives of, as sources of car- 
bon and nitrogen, 191 
— in nitrogen fixation, 233-4 
urease, 10, 134, 306 
uric acid bacteria, 55 
urocanic acid, 123 
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VALINE, as essential amino-acid, 212, 
214-15 

— as hydrogen donator for anaerobes, 
46, 125 

— breakdown of, 122, 135 

vanadium, and nitrogen fixation, 231 

viable count, 159, 167 

Vibrio estuarti, reduction of sulphate 
by, 51 

— cholere, ash of, 180 

— — cytochromes in, 25 

— — polysaccharides of, 61 

—'comma, lecithinases of, 118-19 

— desulphuricans, reduction of sul- 
phate by, 51 

— metschnikovi, adenosine triphos- 
phate in, 156 

— septicus, proteases of, 114 

viruses, 144 

‘‘ viscous fermentation,” 58 

vitamin B!, see aneurin 

vitamin B?, see riboflavin 

vitamin C, see ascorbic acid 


XANTHINE, as growth factor, 212 
— in nucleic acid, 154-6 
xanthine oxidase, 26, 27, 42 


INDEX 


xanthine-uric acid system, potential 
of, 39 ues nese! 

X-factor for growth of Hemophilus 
group, 197 199 

X-ray diffraction pattern of cellulose, 
LY 

X-rays, mutants produced by, 290 

xylose, as source of carbon, 186 

— fermentation of, 85, 296-7 


YEAST, p-amino-benzoic acid from, 268 

— biotin as growth factor for, 203 

— breakdown of amino-acids by, 134 

— fermentations by, 68-77 

— mutant of, induced by cyanide, 292 

— nitrogen fixation by, 223 

— nucleic acid of, 146, 148 

— oxygen supply and fermentation 
by, 97-102 

— pantothenic acid as growth factor 
for, 200 

— purine nitrogen, 144 

yeasts, Meyerhof quotients for, 101 


ZINC, and growth of C. diphtheria, 179 
— in fermentation, 71 
zymohexase (or aldolase), 71 
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